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ABSTRACT
This research focuses on the effects of cone penetration rate and anisotropy on 
the results o f piezocone penetration and subsequent dissipation tests. Finite element 
analyses, and miniature piezocone penetration and dissipation tests in a calibration 
chamber were performed, then the results were compared.
The anisotropic elastoplastic-viscoplastic bounding surface model was chosen 
as a soil model and it was implemented into a computer program, ANCALBR8. 
The isotropic/anisotropic triaxial compression, creep tests, and oedometer tests were 
performed to determine the model parameter values and verify the model. The 
model showed very good agreement with the triaxial test results.
The theoretical formulation was based on the theory of mixtures with the soil 
model in the Updated Lagrangian frame, and it was implemented into a computer 
program, EPVPCS-S. EPVPCS-S was used for the finite element analyses of 
piezocone penetration and dissipation tests.
Ten piezocone penetration and dissipation tests were conducted under Ko 
condition using LSU/CALCHAS (Louisiana State University Calibration Chamber 
System). The K33 (the mixture o f 33 % kaolin, 67 % fine sand) was used for the 
laboratory tests and the chamber tests as the soil sample. The chamber tests were 
conducted for normally consolidated and heavily overconsolidated cases at the 
penetration rates o f 0.3 cm/sec and 0.6 cm/sec. The U1 (filter element at the cone
X V
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tip) and U2 (filter element above the cone base) configurations of miniature 
piezocone penetrometers were used.
The results of the finite element analyses showed good agreement with the 
experimental results with regard to cone resistance, excess pore water pressure, and 
dissipation.
It was observed that cone resistance, excess pore water pressure, and sleeve 
friction increased with the increase in penetration rate, but decreased with the 
increase o f OCR for both U1 and U2 configurations. The excess pore water 
pressures at the cone tip (U 1 ) were larger than those above the cone base (U2). The 
initial immediate drop of excess pore water pressure was clearly identified. Its 
magnitude increased with the increase in penetration rate, but decreased with the 
increase of OCR.
XVI




The piezocone penetration test (PCPT) is becoming an important tool for site 
characterization and evaluation o f in-situ soil properties. The data from the 
piezocone penetration test are cone resistance, sleeve friction, and excess pore water 
pressure. In addition, the change o f  excess pore water pressure is obtained from 
dissipation tests that follow a penetration test. Many in-situ soil properties are 
obtained from the data of the piezocone penetration test and the subsequent 
dissipation test (Tumay and Acar, 1985; Kurup, 1993; Voyiadjis, et al., 1994; 
Tumay, et al., 1995). Furthermore, the piezocone penetration test is fast, 
economical, and provides continuous soil profiles.
The piezocone originates from further development of the static cone 
penetrometer which only had the capability of measuring cone resistance and sleeve 
fnction. Measurements of pore water pressure during penetration and subsequent 
dissipation tests were first made in 1970’s (Wissa, et al., 1975; Torstensson, 1975). 
Separate soimdings were required for measuring cone resistance and pore water 
pressure. The Norwegian Institute o f Technology modified a static cone 
penetrometer by installing a pressure transducer with a filter element positioned on 
the shaft Just behind the cone tip (Janbu and Sunneset, 1974). Simultaneous 
measurements of cone resistance, sleeve friction, pore water pressure, and 
subsequent development of piezocone were made (Tumay, et al., 1981; Baligh, et al..
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1981; Campanella and Robertson, 1981; Smits, 1982; Juran and Tumay, 1989; 
Tumay and Kurup, 1998; Tumay, et al., 1998; Kurup and Tumay, 1998).
Interpretations of the data from piezocone penetration test are often complex as 
they are influenced by a number of variables related to the design of the cone, testing 
procedure, and soil characteristics (Tumay, et al., 1982, 1998; Kiousis, et al., 1988; 
Voyiadjis, et al., 1990, 1991, 1994; Kurup, et al., 1994a; Kurup and Tumay, 1997). 
The influencing factors related to the design of piezocone are size and shape o f 
piezocone (de Lima and Tumay, 1991; standards known as reference cone have been 
developed by ISSMFE 1977, 1989; ASTM 1979), location of pore water pressure 
element (Baligh and Levadoux, 1980; Tumay, et al., 1982; Campanella, et al., 1986; 
Robertson, et al., 1986; Sully, et al., 1988; Campanella and Robertson, 1988), filter 
element size (Campanella and Robertson, 1988), mechanical design of piezocone 
and filter compression effect (Battaglio, et al., 1986), rigidity of transducer system 
( Acar, 1981), and the frequency response of pore pressure element (Smits, 1982).
The rate o f penetration and saturation of piezocone are the influencing factors 
related to testing procedure. Complete saturation of piezocone is very important for 
PCPT. Incomplete saturation can lead to inaccurate and sluggish pore water 
pressure response (Campanella, et al., 1982).
The standard rate of penetration test is 2cm/sec. The cone resistance tends to 
decrease for the penetration rate less than 2cm/sec (Acar, 1981; Campanella and 
Robertson, 1981). The penetration rate has also an influence on excess pore water 
pressure and sleeve fnction (Roy, et al., 1981,1982; Campanella and Robertson,
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1981). Even while testing at the standard penetration rate (2cm/sec), penetration 
rate effect becomes important since it drops abruptly from 2cm/sec to 0 cm/sec when 
the piezocone is stopped for a dissipation test, resulting in a steep decrease in cone 
resistance accompanied by a sudden drop in the excess pore water pressure 
especially measured at the cone tip (Voyiadjis, et al., 1993, 1994; Kurup, 1993; 
Kurup, et al., 1994a, 1994b). It is well recognized that undrained shear strength of 
clay increases with strain rate o f loading. Increasing rate of strain means greater 
undrained shear strength (Lambe and Whitman. 1979). The undrained shear 
strength obtained from PCPT at the rate o f 2 cm/sec is about 53% higher than that 
determined by standard laboratory methods conducted at the reference strain rate of 
1% per hour ( Kulhaway and Mayne, 1990). Elastoplasticity alone can not account 
for time dependent behavior such as strain rate effect. Thus, prediction of time 
dependent behavior requires the use of viscoplasticity.
Soil anisotropy is one o f the influencing factors related to soil characteristics. 
Field and laboratory investigations have now established that anisotropy significantly 
influences the stress-strain behavior of soils (Ladd, 1965; Baneijee, et al., 1984; 
Wroth and Houlsby, 1985). For example, for the normally consolidated specimen 
trimmed along the direction o f  consolidation (vertical specimen), the undrained shear 
strength in vertical direction is higher than that in horizontal direction (Ladd, et al., 
1987). In PCPT, coefficient o f consolidation is overestimated to approximately 20- 
30% if soil anisotropy is neglected (Levadoux and Baligh, 1980).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
As described so far, since many factors influence the piezocone penetration 
test, the effects o f the factors should be considered for an accurate interpretation of 
piezocone penetration mechanism, and an experimental study needs to be conducted 
to prove the interpretation method using well-calibrated equipment.
Many methods based on empirical or semi-empirical approach (Baligh, et al., 
1980; Lunn, et al., 1985; Gupta and Davison, 1986; Sully and Campanella, 1991; 
Mayne and Kulhaway; 1992), bearing capacity models, cavity expansion theory, 
strain path method, and finite element method have been proposed to analyze the 
complex cone penetration mechanism.
A number o f investigators have analyzed the cone penetration as a bearing 
capacity problem (Terzaghi, 1943; Meyerhof, 1951, 1961; Durgunoglu and Mitchell, 
1974). This approach is an extension of the shallow foundation bearing capacity 
theory assuming certain failure patterns. The bearing capacity concept neglects the 
continuous characteristic o f the cone penetration process and involves empirical 
correction factors for depth and shape. Furthermore, the value o f the bearing 
capacity factor (Nc) is strongly influenced by the assumed shapes of failure patterns.
In the cavity expansion theory, soil medium is assumed to consist o f an elastic 
perfectly plastic material, which behaves as a rigid, incompressible solid in the 
plastic region surrounding the cavity. Outside this region, the material behaves as a 
linearly deformable elastic solid. The expansions of spherical or cylindrical cavities 
in an infinite medium have been analyzed by Hill (1950), Ladanyi (1963), Vesic 
(1972,1977), and Torstensson (1975,1977). The penetration is modeled as a
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cylindrical cavity expansion process from zero radius to the radius of cone 
penetrometer. The limit pressure required to expand the cylindrical cavity is 
considered as the radial stress on the shaft of the penetrometer. The general form of 
soil movement at the tip of penetrometer has been visualized as that due to the 
expansion o f a spherical cavity from zero radius to an equivalent penetrometer 
radius. The ultimate cavity pressure required to expand the spherical cavity is often 
considered as an estimate of the cone resistance (at the tip). The cylindrical cavity 
expansion model is considered to be applicable for the filter elements located along 
the cylindrical shaft some distance away from the cone base. The spherical solution 
is considered to be more appropriate for the filter elements located on the conical tip. 
The cavity expansion theories are one dimensional theories and do not accotmt for 
the two dimensional nature of the penetration process, and involve assumptions for 
the rigidity index and the equivalent cavity radius.
In the Strain Path Method (Baligh, 1985; Levadoux and Baligh, 1980), the 
penetration of the cone penetrometer is regarded as a flow of soil aroimd a static 
penetrometer. The soil around a static penetrometer is considered as an 
incompressible, inviscid fluid. The Strain Path Method estimates velocity fields and 
soil deformations, then strain rates are determined. Strain paths o f different soil 
elements can be determined by integrating the strain rates. Once the strains are 
known, a constitutive soil model is selected to calculate the stress field. 
Subsequently, the stress conditions including total stresses and total pore water 
pressures can be computed at every soil element. The Strain Path Method is more
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appropriate for deep penetration problems than the cavity expansion theory because 
the Strain Path Method accounts for : (1) all locations in vertical direction (i.e. two- 
dimensional cavity expansion), (2) deformation history or strain paths during 
penetration, and (3) strain rates by using the appropriate flow function (Baligh, 
1985). However, the Strain Path Method is sensitive to  the constitutive soil 
relations selected and requires detailed numerical iterations.
Tumay, et al. (1985) and Acar and Tumay (1986) developed an approach 
similar to the Strain Path Method. The method evaluates stream function, velocity 
field, and strain rate around the cone in steady penetration. In soft clays, the flow 
field gives the first approximations to the strains induced around the cone. This 
method predicts strain patterns different ft-om those obtained fi’om the Strain Path 
Method. The Strain Path Method necessitates an accurate determination of the 
strain field for different geometries and scales of the penetrating body. The 
shortcomings o f the strain path method are alleviated by a semi-analytical solution of 
the flow field around cones in steady penetration (Acar and Tumay, 1986).
Small strain finite element analyses have been carried out in the past to analyze 
the cone penetration mechanism. However, the cone penetration problem is 
essentially a large deformation and finite strain process. In the previous analyses, 
strains were reported to exceed 100% (Levadoux and Baligh, 1986; Kiousis, et al., 
1988: Abu-Farsakh, et al., 1997; Voyiadjis and Abu-Farsakh, 1997). Thus, large 
deformation and finite strain finite element analyses have been performed by various 
investigators.
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Deborst and Vermeer (1984) used an Eulerian formulation. The soil was 
modeled using the von Mises model that flows through a fixed finite element mesh. 
In the analysis, the cone has been introduced into a pre-bo red hole to a certain depth 
assuming the surrounding soil still in its initial in-situ stress state.
Houlsby and Teh (1988), and Teh and Houlsby (1991) used a combination of 
the Strain Path Method with a finite strain finite element technique. The initial 
stresses were calculated from the Strain Path Method, with an additional equilibrium 
correction provided by a large strain finite element analysis. The clay was idealized 
as an incompressible elastic perfectly plastic material model o f the von Mises type. 
The dissipation of excess pore water pressure was analyzed using Terzaghi-Rendulic 
uncoupled consolidation theory.
Kiousis, et al. (1988) used an elasto-plastic large deformation theory to analyze 
the penetration of a 10cm" cone penetrometer in cohesive soils. Their research was 
based on the two dimensional large strain theory for porous media (Kiousis and 
Voyiadjis, 1985; Kiousis, et al., 1986; Voyiadjis, et al., 1990; Voyiadjis and Kiousis, 
1987). They used the Cap model proposed by DiMaggio and Sandler (1971). The 
finite element formulation was developed in an Eulerian reference frame and 
subsequently transformed to a Lagrangian coordinate system. In this analysis, the 
initial stress state was assumed to be zero and the soil- penetrometer interface 
friction was neglected. They treated the peneteration problem as an axisymmetric 
boundary condition problem with penetration being simulated by applying 
incremental nodal vertical displacements o f the nodes representing the conical
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surface of the cone penetrometer. Isotropic initial state of stress was assumed and 
penetration was started from a depth until failure was achieved. The penetration rate 
of 2 cm/sec was applied. It was suggested that rate effects be incorporated in 
constitutive relations (Kiousis, 1985).
Sandven (1990) analyzed the stress conditions aroimd a cone using a small 
deformation finite element method. The initial states o f stresses were assumed to be 
isotropic. The axisymmetric condition and Drucker-Prager model were assumed. 
Sandven concluded that finite element simulation of the cone penetration seemed to 
have a great potential in order to highlight some of the essential aspects of soil 
behavior around the cone penetrometer.
Van den Berg, et al. (1994) analyzed the cone penetration in layered soil media 
using a large deformation finite element method. They used the Drucker-Prager 
model and an Arbitrary Lagrangian Eulerian (ALE) formulation.
Kurup, et al. (1994b) analyzed the excess pore water pressure dissipation in 
miniature cone penetration test using a small deformation finite element method. 
Modified Cam Clay model and axisymmetric condition were used. A large 
deformation and finite strain formulation was recommended.
Abu-Farsakh (1997), Voyiadjis and Abu-Parsakh (1997), and Abu-Farsakh, et 
al. (1997) formulated the elasto-plastic coupled equations using the Updated 
Lagrangian formulation. The formulation was based on the principle o f virtual work 
and the theory of mixtures for inelastic porous media proposed by Prévost ( 1980), 
and Kiousis and Voyiadjis (1985). The derived equations were implemented into a
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finite element program, GAP/CTM (Geotechnical Analysis Program based on the 
Coupled Theory o f Mixtures). A constitutive relation for the solid phase was 
assumed to relate the effective corotational stress rate tensor to the spatial strain rate 
tensor for a large deformation and finite strain formulation. The Modified Cam 
Clay model was used to describe the plastic behavior o f the cohesive soils. The 
continuous penetration of piezocone was simulated by applying an incremental, 
vertical movement of the cone tip boundary. The interface fnction between the soil 
and the piezocone penetrometer was considered. The concept of large deformation 
and finite strain was included in Voyiadjis and Abu-Farsakh (1997), but soil 
anisotropy and strain rate effect were not considered.
Song (1999) modified Abu-Farsakh (1997), Voyiadjis and Abu-Farsakh (1997) 
using the plastic spin tensor and the anisotropic elastoplastic Modified Cam Clay 
model proposed by Dafalias (1987).
Many interpretation methods for the piezocone penetration have been proposed 
as described. However, none o f the existing methods can accurately predict the 
cone resistance and the excess pore water pressure, and the piezocone penetration 
mechanism can not be accurately analyzed. This is mainly due to simplifying 
assumptions and difficulties in simulating the continuous, rate-dependent, and large 
deformation and finite strain penetration mechanism.
This research focuses on the effects of anisotropy, penetration rate, and large 
deformation and finite strain on the results of the piezocone penetration test.
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This research aims to analyze the mechanism of the piezocone penetration 
using a finite element method incorporating an anisotropic and rate-dependent soil 
constitutive model, and the concept of large deformation and finite strain. 
Furthermore, the piezocone penetration test is conducted at various penetration rates 
and imder Ko condition using LSU/CALCHAS (Louisiana State University 
Calibration Chamber System) (Tumay and de Lima, 1992; Kurup, 1993; Voyiadjis, 
et al., 1993; Kurup, et al., 1994a). The results of the finite element analyses of the 
piezocone penetration are compared with the experimental results of the piezocone 
penetration tests. The objectives of this research and the organization of chapters 
are presented in section 1.2 and section 1.3, respectively.
1.2 Objectives of Research
The objectives o f this research are :
1. The computer implementation of an soil constitutive model incorporating 
anisotropy and penetration rate effects.
2. Performing isotropic/anisotropic triaxial tests, and oedometer tests to obtain the 
model parameter values needed for the soil constitutive model.
3. The verification o f the model by comparing the model prediction with the triaxial 
test results.
4. Performing finite element analyses of the piezocone penetration using the soil 
constitutive model in the concept o f large deformation and finite strain.
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5. Conducting the piezocone penetration tests (PCPT) at various penetration rates 
using LSU/CALCHAS.
6. Comparing the results of the finite element analyses with the experimental results 
o f PCPT.
1.3 Organization of Chapters
After the introduction chapter, chapter 2 presents the anisotropic elastoplastic* 
viscoplastic bounding surface soil model to consider the effects o f anisotropy and 
penetration rate. The theoretical formulation, the computer implementation, and the 
parameters of the model are described. The isotropic/anisotropic triaxial tests and 
oedometer tests, which are conducted to obtain the model parameter values and to 
verify the model predictions, are also described in chapter 2. Chapter 3 presents the 
theoretical formulation and finite element implementation o f the model and the 
piezocone penetration within the context of large deformation and finite strain. In 
chapter 4, the miniature piezocone penetration test (PCPT) conducted using 
LSU/CALCHAS is described. In chapter 5, the results of the finite element analyses 
of the piezocone penetration are compared with the experimental results o f the 
piezocone penetration tests. Finally, chapter 6 presents the summary, the 
conclusions of this research, and the recommendations for future research.




This chapter describes and interprets the anisotropic elastoplastic-viscoplastic 
bounding surface model for cohesive soils with a brief review o f the historical 
development o f anisotropic elastoplastic models and viscoplastic models. The 
model is used for the simulation of piezocone penetration in chapter (3) to include 
anisotropy and penetration rate effects. The theoretical formulation o f the model is 
described in Section (2.2). The model parameters for the practical application o f the 
model, the isotropic/anisotropic triaxial tests and the oedometer tests needed to 
obtain the model parameter values, finally, the verification of the model are 
presented in section (2.3).
The formation process o f naturally deposited soils is responsible for the 
development of the inherent anisotropy, which is called initial anisotropy. 
Subsequent application of an applied stress regime introduces further anisotropy, 
which is called induced anisotropy, in the mechanical properties of real soil. Field 
and laboratory investigations have now established that anisotropy significantly 
influences the stress-strain behavior o f soils (Wroth and Houlsby, 1985; Ladd, 1965; 
Banerjee, et al., 1984). For example, for the normally consolidated specimen 
trimmed along the direction o f consolidation (vertical specimen), the undrained shear 
strength in vertical direction is higher than that in horizontal direction (Ladd, et al..
12
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1974). In piezocone penetration test, coefficient o f consolidation is overestimated by 
approximately 20-30 % if  soil anisotropy is neglected (Levadoux and Baligh, 1980).
To explain the influence o f anisotropy on soil characteristics, many soil models 
have been developed, which are summarized below.
Wroth (1984) developed an anisotropic model using Modified Cam Clay model 
to explain the initial anisotropy. Prévost (1978a, 1978b) developed two anisotropic 
models for soils : (1) the imdrained or hydrostatic pressure-nonsensitive model, and 
(2) the drained or hydrostatic pressure-sensitive model, extending the original nested 
yield surface model (Mroz, 1967; Iwan, 1967). The limitations of Prévost models 
are that the yield surfaces should not intersect each other in the assumptions, and it is 
difficult to memorize the size and location of each surface in a numerical method 
(Chen and Mizuno, 1990). Furthermore, the initial anisotropy is accounted for by 
fixing the orientation o f the outer surface and the stress space distribution of inner 
surface, but the subsequent evolution of the orientation of the outer surface is 
ignored (Anandarajah and Dafalias, 1986). Hashiguchi (1979) proposed a rotational 
hardening rule to model the evolution of stress induced anisotropy. The rotational 
hardening seemed to be one of the most essential factors in the anisotropic 
characteristics o f granular media. Dafalias (1987) developed a simple anisotropic 
model based on the Modified Cam Clay model. He considered both rotational and 
distortional hardening. Baneijee, et al. (1987, 1988) and Baneijee and Yousif
(1986) proposed an anisotropic model, in which yield surface was assumed to be a
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distorted ellipsoid, and a combination o f isotropic and kinematic hardening rules was 
adopted.
Dafalias and Popov (1975, 1977) proposed the boimding surface model 
conceptually similar to the nested surface model proposed by Mroz ( 1967) and Iwan 
(1967). An application o f the bounding surface concept to isotropic clay in the 
radial mapping rule was presented and subsequently a viscoplastic concept was 
added to the model (Dafalias and Herrmann, 1982, 1986; Kaliakin, 1985; Dafalias, 
1986; Kaliakin and Herrmann, 1987; Kaliakin, et al., 1987; Kaliakin and Dafalias, 
1990a, 1990b, 1991). Anandarajah and Dafalias (1986) used a rotational hardening 
and a shape (distortional) hardening for modeling anisotropic cohesive soils, while 
retaining the potential of isotropic formulation, but the viscoplastic concept was not 
included in their work.
An important feature o f bounding siuface model is that the plastic deformations 
can occur for the stress states either within or on the bounding surface (contrary to 
the classical plasticity). Also it is possible to have the plastic strain take place 
immediately on the application o f load, and to have a very flexible and smooth 
variation o f the plastic modulus during straining, unlike the nested surface model 
which assumes piecewise constant plastic moduli.
However, elastoplastic theories including the bounding surface model can not 
account for time dependent material behavior such as creep, stress relaxation, and 
strain rate effect, which should be considered for the interpretation o f the piezocone
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penetration mechanism. Prediction o f time dependent behavior requires the use o f 
viscoplastic theory, so many viscoplastic theories have been proposed.
Attempts to explain the observed consolidation process from Terzaghi's one­
dimensional theory, that is a time-dependent behavior, led to the development o f 
empirical or semi-empirical methods (Buisman, 1936; Zeevaert, 1958; Mitchell, 
1969, 1976), and mathematical theories (Biot, 1956, 1963; Tan, 1957; Gibson, et al., 
1967; Schiffinan, et al., 1969). Practical applications o f such theories have typically 
been limited because o f the complexity o f the equations developed, and/or because 
of the difficulty o f determining necessary soil parameter values from experimental 
data.
Various rheological models have been developed by a number o f investigators 
(Gibson and Lo, 1961; Christie, 1963; Christensen and Wu, 1964; Komamura and 
Huang, 1974). Such models consist o f linear and nonlinear springs, linear and 
nonlinear dashpots, and sliders. Variations in the number, arrangement, and type o f 
the elements lead the differences in the predicted material behavior. Because o f the 
shortcomings of the models such as the difficulty in calibrating necessary parameters 
and very cumbersome computations, rheological models have been rarely applied in 
practice (Mitchell, 1976; Ladd, et al., 1977).
During the 1960's, a yield criterion from elastoplastic theory was extended so 
that it could also account for the time dependent response. The coupling of plastic 
behavior with time dependency came under the general heading of elasto- 
viscoplasticity. A generalized elastic-viscoplastic theory was developed and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
popularized by Perzyna (1963, 1966). Many modified versions of Perzyna's theory 
have been developed (Adachi and Oka, 1982; Zienkievricz, et al., 1975, 1977; 
Sekiguchi, 1984; Katona and Mulert, 1984; Katona, 1984).
Kaliakin (1985), Kaliakin and Dafalias (1990a, 1990b, 1991), Al-Shamrani 
(1991), and Al-Shamrani and Sture (1994) combined the elastoplastic bounding 
surface model and the viscoplastic model based on Perzyna's viscoplastic theory for 
isotropic and anisotropic cohesive soils. The details o f the models are described in 
the following sections.
2.2 Theoretical Formulation of Soil Model
2.2.1 Bounding Surface Concept
The development o f the bounding surface concept was motivated by the fact 
that the stress-strain response curve eventually converges with 'boimds' in the stress- 
strain space. These boimds can not be crossed, but may change position in the 
process o f loading. The very important features o f the bounding surface concept are 
that it allows the plastic deformation to occur for stress states within the bounding 
surface, it is possible to have a very flexible and smooth variation of the plastic 
modulus during straining, and also it is possible to have the plastic strain take place 
immediately on the application o f load.
The bounding surface in stress space is defined by :
F(o!j,qn) =  0 (2.1)
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where the bar over stress quantity indicates image point on the bounding surface, 
F=0, and qn mean internal variables. The boimding surface evolves during the 
plastic deformation. The actual stress point always lies within or on the bounding 
surface. It is an important aspect in the bounding surface formulation to define a
relation between the actual stress point, Oÿ , and the image stress point, oij. A 
mapping rule is used for the purpose. The radial mapping rule introduced by 
Dafalias (1979) has been found to predict accurately the behavior of clays (Dafalias 
and Herrmann, 1982, 1986). The radial mapping rule is simple and requires no 
explicit definition o f a yield surface. Figure 2.1 shows a schematic representation of 
the bounding surface concept and the radial mapping rule in a multiaxial stress
space. The image stress, ctij, is defined by projecting the radial line connecting the 
projection center, ay, and the actual stress point, aÿ, onto the bounding surface. The 
radial mapping rule is expressed by :
Oij = ttij + b(oij - ttij) (2.2)
where ay is the projection center, which is one of the internal variables and is 
assumed to always lie within the bounding surface. The variable b can be
determined in a closed form in terms of the state variables by substituting ay into an 
explicit analytical expressing o f F=0. When the stress point lies on the bounding 
surface, b=l. The radial mapping rule expressed in equation (2.2) indirectly defines 
a surface shown by a dashed line in figure 2.1 that passes through the actual stress 
point.








FC âi j .  Ab>«0
Figure 2 .1 Schematic diagram of bounding surface and 
related concept (Dafalias, 1986)
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This surface is homologous to the bounding surface, where the projection center is 
the center o f homology.
All basic equations in classical plasticity theory apply in the bounding surface 
theory. The differences are only the following.
The direction of plastic loading-unloading is defined as the gradient o f the 
bounding surface at the image stress point instead of the gradient o f the loading
surface. The bounding surface plastic modulus Kp is obtained by applying the 
consistency condition to the bounding surface, equation (2.1), not to the loading
surface, and then the actual plastic modulus Kp is obtained from Kp (Dafalias, 1986):
Kp = H(Kp, Ô, CTij, qn) (2.3)
where 8 is the euclidean distance between the actual stress and the image stress. 
The plastic deformation may occur for the stress points within the bounding surface 
at a magnitude depending on 8.
The loading function L can be defined in terms o f the actual stress rate. <Tij,
and the actual plastic modulus, Kp, or in terms o f the image stress rate, o ij, and the
bounding surface plastic modulus, Kp (Dafalias, 1986) :
1 * 1  —L = —  Li] Oij = = -  Lij Oij (2.4)
Kp Kp
The actual plastic modulus, equation (2.3), was suggested by Dafalias (1986) :
K p  =  ^  +  H y - ^  ( 2 . 5 )
( r - s 8 )
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From the relation r/b=b/(b-I) in figure 2.1, the equation (2.5) becomes :
Kp = i ^  + H-T— ^ ^  (2.6)
( & - )
where H is a proper shape hardening function in terms o f Oÿ and qn, and the r is the 
euclidean distances between the image stress and the projection center. The s is an 
elastic factor and it controls the size o f the purely elastic domain, which is called 
elastic nucleus, in figure 2.1. The elastic nucleus is distinguished fi-om the yield 
surface since the stress point can move outside the nucleus, which is not the case in a 
yield surface in classical plasticity.
In the following sections, this general bounding surface concept is specialized 
to simulate the anisotropic and time-dependent behavior o f cohesive soils.
2.2.2 Anisotropic Elastoplastic Bounding Surface Model
This section describes the elastoplastic bounding surface model for anisotropic 
cohesive soils developed by Anandarajah and Dafalias (1986). The model is 
extended to anisotropic elastoplastic-viscoplastic bounding surface model in the 
following section. The anisotropic boimding surface model is directly based on the 
elastoplastic bounding surface model for isotropic cohesive soils (Kaliakin, 1985; 
Dafalias and Herrmann, 1986).
State o f  material is assumed to be completely defined in terms of the stress 
tensor, ay, as external variables and a number o f plastic internal variables, q„, which
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may be scalar or tensor. The external variables are identified as the effective stress 
tensor :
Oij = ajj -  5:jU (2.7)
where ct'j is the total stress tensor, u is the pore water pressure, and ôÿ is the 
kronecker delta.
2.2.2.1 Elastic Relations





(Tu = EijkiGy (2.9)
It is assumed that elastic isotropy is not altered by the plastic deformation and that 
the elastic anisotropy is negligible. The elastic moduli in equations (2.8) and (2.9) 
are, respectively, given by :
Cijki =  ôijSid +  (ô ikôji -  ôiiôjk )  ( 2 . 1 0 )
1 8 K G  4 G
Ejjk, =  ( K - j G ) ô i j ô k i  +  G ( ô ik ô j i - ô i iô j k )  ( 2 . 1 1 )
where FC and G are the elastic bulk modulus and shear modulus, respectively.
2.2.2.2 Anisotropic Stress Invariants and Plastic Internal Variables
The bounding surface is a function of the direct stress invariants of the image
stress tensor and the internal variables for the isotropic cohesive soils. For the
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anisotropic cohesive soils, the bounding surface is assumed to be expressed in terms 
of three anisotropic stress invariants. I®, J “ , a* and a set of plastic internal variables.
q„ (Ghaboussi and Momen, 1982; Anandarajah and Dafalias, 1986) :
I










where 5? is a symmetric anisotropic tensor, which is called rotational tensor, that 
defines the rotation of the bounding surface and it is one o f the internal variables. a “ 
is the anisotropic Lode angle in terms o f  the projection o f the deviatoric tensor on the 
octahedral plane, , instead o f the anisotropic deviatoric stress tensor, .
For anisotropic cohesive soils, rotational hardening and distortional hardening 
are assumed in addition to isotropic and kinematic hardening. The invariant Iq 
controls the isotropic hardening depending on the volumetric strain Ekk- K  is the 
intersection of the bounding surface with the positive 1“ axis as shown in figure 2.2.
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F(I*. J*,5*. R , l g )= 0
Figure 2.2 Schematic illustration o f bounding surface and geometrical 
interpretation o f stress variables (Anandarajah and Dafalias, 1986)
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The R determines the instantaneous dimension of the boimding surface in the 
direction, namely, R controls the distortional hardening.
The above three variables, Iq, R, are taken as main plastic internal 
variables, and the bounding surface expression, equation (2.1), becomes ;
F ( ^ ,0 |; - , i ; ,R )  = 0 (2.18)
The specific forms of equation (2.18) are presented in section 2.2.2.4.
2.2,23 Hardening of Bounding Surface and Initial Anisotropy
For anisotropic cohesive soils. The bounding surface undergoes rotational 
hardening and distortional hardening in addition to isotropic hardening and 
kinematic hardening.
Isotropic hardening needs the relationship between IÔ and the volumetric 
plastic strain, . So, using the consolidation behavior in void ratio e-lnl* space,
the classical plastic relation, s? =(L)R;j , and the associated flow rule, R^ = L^, the 
expression for isotropic hardening is given by (Anandarajah and Dafalias, 1986) ;
i ;  = ^ ( ( i ;  - i i ) + i . )  (2.19)
3k
where I, is the lower limit value of IJ below which the relation between hydrostatic 
stress and void ratio changes smoothly fi‘om logarithmic to linear. K is the elastic 
bulk modulus.
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Dafalias (1986) proposed the use o f a projection center, 1®, different from the 
origin. By replacing in equation (2.2) by 1', the stress invariants at the actual 
stress point and the image stress point are related in the following way :
r = i : + b ( r - i : )  % s -=bs . .  (2.2 d
T  = bJ’ ; ÜÎ = b u ; (2.22)
Os=bU^ ; a ' = a *  (2.23)
where Î , J , and a  are the Joint invariants of the image stress tensor and the
rotational tensor. They can be found by substituting the image stress tensor for the
actual stress tensor in equation (2.12) through equation (2.17). The projection
center. I*, is assumed to be CIq in all past formulations of bounding surface for 
cohesive soils. Ig is the value of T at the intersection of the bounding surface and 
the positive T axis, and C is a model parameter.
The induced anisotropy is controlled by the rotational tensor, 6^, which defines
the rotational or anisotropic hardening. The evolution of the rotational tensor is 
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>.• =C ,yb-"“ exp[-C ,(l + p)ôî] (2.26)
y = ( 0.9 -  ̂ (2.27)
, W j /
The term y prevents excessive rotation of the bounding surface in cases where failure 
is approached while X* is still relatively large.
The 5j  is a scalar measure o f the extent o f the current rotation o f the bounding 
surface with respect to the isotropic axis, and the related variables are given by 
(Anandarajah and Dafalias, 1986) :
(2.29)
For the isotropic case, Sfj = 5^.
The parameter p accounts for the influence of the direction of loading on the 
direction of anisotropy, and it is defined as (Anandarajah and Dafalias, 1986) :
p = (2.30)
1 L
Tifj=Tiij--Mick ; n.j j,7T (2.31)
Initial anisotropy is accounted for by specifying a suitable initial orientation of 
the bounding surface, namely, initial values are assigned to the rotational tensor. 
When the physical reference coordinates coincide with the principal directions of the
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material anisotropy, the shear components o f  the rotational tensor are zero, and only 
normal components are considered (Anandarajah and Dafalias, 1986) :
sf = , , 7 - 7  (2.32)
yjA;  + a I 4-A ;A ;
5“ = =  (2.34)
^ A ;  + A :  + A ; A ;
For initially isotropic case, Aj = A , = A ^  = 1 , and for initially cross-anisotropic 
case. A , = Aj = A .
The variable R controls the shape o f the bounding surface, i.e., it defines the 
ratio of the axes o f ellipse 1 of the bounding surface as shown in figure 2.3. The
evolution of R is given by (Anandarajah and Dafalias, 1986) :
R = - C , ô ? ô ;  (2.36)
Substituting equation (2.24) into equation (2.36) yields :
R = -C,X-(L)4„Sy (2.37)
If the anisotropy increases from its current value, the size o f the bounding surface in 
the J“ direction decreases.






ELASTIC /  
NUCLEUS/ y
le-CU l,-V R (a)
Figure 2.3 Schematic illustration o f bounding surface and radial m apping 
rule in stress invariants space (Dafalias and Herrmann, 1986)
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In terms o f the anisotropic stress invariants and the plastic internal variables 
defined in this section, the bounding surface, equation (2.18) is expressed as :
F ( r , j \ a " , l “,R)  = 0  (2.38)
2.2 2.4 Specific Forms of Bounding Surface and Plastic Modulus
The expression o f  bounding surface, equation (2.38), may have many specific 
forms. Dafalias and Herrmann ( 1982) suggested a combination o f two ellipses and 
one hyperbola as the bounding surface, and the combination has been successfully 
used in Kaliakin (1985), Dafalias and Herrmann (1986), Kaliakin and Herrmann
(1987), Kaliakin, et al. (1987), and Al-Shamrani and Sture (1994). Figure 2.3 shows 
the composite surface. The use of a composite surface, rather than a single one, 
results in better descriptions o f the behaviors of heavily overconsolidated clays.
The equations of these surfaces are obtained by substituting the anisotropic variables 
for the corresponding isotropic variables in the equations proposed by Dafalias and 
Herrmann (1986) (Anandarajah and Dafalias, 1986).
For Iq / R < r  < 1“, the ellipse 1 is defined by :
+ (R -1 )‘
N
=  0 (2.39)
For 0 < P  (Iq / R , the hyperbola is defined by :





=  0 (2.40)
For r  <0, the ellipse 2 is defined by :
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
+ Y J"' = G (2.41)
where
z  = ^ ( l  + y - V l  + y O  (2.44)
The A and T are model parameters.
The dependence o f  the bounding surface on the anisotropic Lode angle, a®, is 
assumed to follow the function g as (Anandarajah and Dafalias, 1986) :
g ( a \ v ) = - ---------7,— . (2.45)
1 +  v f/-  (1 -  v f / ) s m  3 a
P ( a ' ) = g ( a \ v )  Pc ; V = ^  (2.46)
where p represents any one o f the parameters, N, R, A in equation (2.39) to equation 
(2.44), and Pc and pc are its values at = 7t/6 (triaxial compression) and at a “ = - tc/6 
(triaxial extension), respectively.
The bounding surface plastic modulus, K p, can be obtained from applying the
consistency condition F = 0 to equation (2.18) together with the mathematical 
expressions o f the bounding surface in equation (2.39) through equation (2.44) and
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the hardening rules in equation (2.19), equation (2.24), and equation (2.37) 
(Anandarajah and Dafalias, 1986) :
Ko =
1 + 6 ; ^ a r  S F . . '
V  'J
(2.47)
The actual plastic modulus, Kp, is related to the bounding siuface plastic modulus in
equation (2.5). With the shape hardening function, H , given by Dafalias and 
Herrmann (1986), the actual plastic modulus is expressed as (Anandarajah and 
Dafalias, 1986) ;




+  -  
3 dJ
- A ( r - s ô )
(2.48)
2.2.3 Anisotropic Elastoplastic-Viscoplastic Bounding Surface Model
According to the concept o f  elastoplasticity-viscoplasticity (Dafalias, 1982), 
strain is decomposed into two distinctive parts, i.e., an instantaneous part and a 
delayed part. The instantaneous part consists of elastic part and plastic part, which 
can be explained using the classical elastoplastic theories. The delayed part means a 
coupled part of plastic and viscous part, which is called viscoplastic part.
The general relation among the strains is given by (Dafalias, 1982; Kaliakin, 
1985; Kaliakin and Dafalias, 1991) :
Eij =G^ + Ê  + 6X (2.49)
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q .  = q :  +  q :  (2.50)
where , eP, and are the instantaneous elastic, instantaneous plastic, and
delayed viscoplastic strain rate tensors, respectively. Equation (2.50) means that the 
rates of internal variables consist of instantaneous plastic part and delayed 
viscoplastic part.
2.2.3.1 Elastic Response
The elastic response is assumed to be instantaneous, and the constitutive 
relations are given by equation (2.8) through equation (2.11), wherein the material is 
assumed to be isotropic with regard to elastic deformation.
2.2 3.2 Viscoplastic Response
In Perzyna's elasto-viscoplastic theory (1963), the viscoplastic strain and the 
internal variables are expressed as an arbitrary function of an excess stress on the 
yield surface. However, in bounding surface concept, the yield surface is not used,
so in the absence o f a yield surface, a second image stress, , was defined on the 
elastic nucleus as shown in figure 2.4 (Dafalias, 1982)
As shown in figure 2.4, the concept o f viscoplastic response is quite similar to 
that o f plastic response in section 2.2.2. To define the viscoplastic response, the
viscoplastic nucleus parameter s^ is introduced, which is different from the other 
elastic nucleus parameter Sp used for instantaneous plastic response. The normalized 
overstress function is given by (Kaliakin, 1985; Kaliakin and Dafalias, 1991) :










Elastic Nucleus /  
Associated with 
Viscoplastic Response
Figure 2.4 Schematic illustration o f elastic nucleus associated with plastic 
and viscoplastic response (Kaliakin and Dafalias, 1991)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
b ( l - s j  + s, 
b ( l - s j
A d  =
q:  A a  )r.
(2 .51)
(2.52)
where q„ is the rate o f viscoplastic internal variables and <!>„ is overstress function, 
which is a function o f the normalized overstress. The rate equations o f the 




where , r j  are proper tensorial functions o f the state, and the overstress
functions, <P, and d>2 , are two specific forms o f <D„.
2 .2 3 3  Plastic response
The coupling o f elastoplasticity and viscoplasticity affects the plastic response, thus 







= ( l )r ; (2.56)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35
q :  =  (L ) r ;  (2.57)
4  = {L)^' (2.58)
where the superscript, p, means the plastic quantities due to the coupling of plastic 
and viscoplastic responses.
2.2.3 4 Hardening of Bounding Surface
The hardening rules described in the anisotropic elastoplastic bounding surface 
model in section 2.2.2.3 need to be modified to include the viscoplastic contribution.
In the following development, it is assumed that Rjj =R,j =Rjj, rj  =r^ =rjj, and
rj = rj = r ĵ. In addition, a common overstress function, O , i.e.,
5 F0  = <I), = d> 2  = and associative flow rule, i.e., R j = L ̂  — are assumed .
5 a  ij
A form of isotropic hardening is obtained through the dependence of Iq on the 
inelastic void ratio that means inelastic volumetric strain. The inelastic volumetric 
strain rate is expressed as (Kaliakin, 1985) :
GL=((L> + ($ )) (2.59)
Using equation (2.59), the isotropic hardening expression, equation (2.19) is 
modified as (Al-Shamrani, 1991) :
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According to equation (2.60), the bounding surface expands or contracts along the 
Taxis regardless of whether the deformation is plastic, viscoplastic, or a 
combination o f the two.
The rotational hardening rule as expressed in equation (2.24) is also modified 




f  . \
and
y V y
are the components o f the rate of plastic strain, and the rate
of viscoplastic strain orthogonal to the rotational tensor, respectively. The











= ^ . - 3
\
(2.62)
With the same definitions o f k ' and 4ij in equation (2.25) and equation (2.26), 
respectively, the modified rotational hardening rule is obtained as (Al-Shamrani, 
1991):
8 - = r ( ( L )  + {a>»^, (2.63)
Accordingly, by substituting the equation (2.63) into the equation (2.36), the 
evolution of the parameter R which controls the distortional hardening is obtained as:
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R = -C ,V ((L )+ < * ))  (2.64)
Considering the equation (2.60) for isotropic hardening, the equation (2.63) for
rotational hardening, and the equation (2.64) for distortional hardening, it is clear
that each hardening has the plastic and viscoplastic contributions.
2.23.5 Constitutive Relations
The general expression for strain rate equation which has the elastic, plastic, 
and viscoplastic parts, equation (2.49) and equation (2.50), yields the general 
constitutive relations with the equation (2.8) corresponding to elastic part, the 
equation (2.52) through equation (2.54) corresponding to viscoplastic part, and the
equation (2.56) through equation (2.58) corresponding to plastic part. The general
constitutive relations for elastoplastic-viscoplastic response are given by :
4  = C,j„ + (L )R ; + (0 )R ; (2.65)
q. (2.66)
“ ,j=(L>r,P+(<I>)rr (2.67)
= E,^(^e‘„ - ( L ) R ' -(<I>)R- j  (2.68)
From equation (2.55) and equation (2.68), the general form o f the loading index is 
expressed as (Al-Shamrani, 1991) :
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L = OCTij 5<Tij D C q „  V D .
ÔF V
ÔCTij
K L , + ^ E L , R L
d^ab
(2.69)
For a complete definition o f the loading index, L, equation (2.69), the 
following relations are assumed :
ÔF ■r; = ÔF ÔF
5q„ " aq„ " 3q,
r. = - K r (2.70)
1* -  ôjj ttjj
Multiplying both sides o f equation (2.71) by ôÿ, one obtains
(2.71)
(2.72)
From equation (2.60), equation (2.67), equation (2.69), equation (2.70), and equation
(2.72), the final form o f the loading index is expressed as (Al-Shamrani, 1991) :
T ce
K.p L ab ^ abed^ cd
-  (<*-)■
L , j E ' i „ L „ +
Lj^EjbcdLcd
(2.73)
By substituting equation (2.73) into equation (2.68), the general constitutive relation 
is expressed as (A1 -Shamrani, 1991) :
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F ' I I F*cep _  ce Üpq M mnki





^  + i [ i  -  i ] c  ̂ ( { i ;  - 1, ) -H I,
1 ------------------------------------------------------------------------------- Lk, (2.76)
The above constitutive relations are completely defined with the definitions o f the 
bounding surface plastic modulus, K.p, the actual plastic modulus, Kp, and the 
overstress fimction, <D.
Considering the expression o f the bounding surface, equation (2.18), the 
consistency condition is expressed as :
(2.77)
By substituting the hardening rules, equation (2.60), equation (2.63), and equation 
(2.64), into equation (2.77), and using equation (2.55) and equation (2.70), the




The actual plastic modulus is again related to the bounding surface plastic modulus 
via equation (2.48).
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The overstress function, O , is the most important quantity associated with 
viscoplastic response. Perzyna (1966) proposed two functional forms o f 0 ,  one is a 
power form, and the other one is exponential form. The two forms have been found 
to be quite suitable for predicting the time dependent response of many geologic 
materials (Adachi and Okano, 1974; Adachi and Oka, 1982; Katona, 1984). With 
the concept o f normalized overstress, equation (2.51), the following expressions for 
overstress function have been proposed (Kaliakin, 1985; Kaliakin and Dafalias, 
1990a, 1991) :
<D = —f A a l  (2.79)
1 f0  = —exdnACT -1  (2.80)
V ^ ^
where the viscosity function, V , is given by :
V = v — (2. 81)
- e „
where e|j represents the inelastic deviatoric strain tensor and (2/3eJje|j)°^ represents
the accumulated inelastic deviatoric strain. The n, V, , and Sv in the normalized 
overstress function are the viscoplastic model parameters.
Detailed descriptions o f all model parameters are presented in section 2.3.
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2.3 Model Parameters and Verification of Anisotropic 
Elastoplastic-Viscoplastic Bounding Surface Model
2.3.1. Computer Implementation
A computer program ANCALBR8  is derived firom CALBR 8  developed by 
Kaliakin (1992). The program CALBR8  used the isotropic elastoplastic-viscoplastic 
bounding surface model in a main subroutine CLAYVP. In this research, the 
theoretical formulation o f the anisotropic elastoplastic-viscoplastic bounding surface 
model in section 2.2 was implemented into a computer program ANCALBR 8  and a 
master subroutine ANCLAYVP.
Like the program CALBR 8 , the program ANCALBR 8  was written in 
FORTRAN 77, and performs essentially- a three dimensional analysis of a 
homogeneous specimen subjected to arbitrary homogeneous stress and strain 
histories under either drained or undrained conditions to fit model predictions to 
experimental measurements. ANCALBR8  uses sub-increment and sub-iteration in 
the subroutine ANCLAYVP.
The number of input data in ANCALB8  was increased to explain the 
anisotropy. Either time dependent or time independent analysis can be conducted 
depending on the input values o f the viscoplastic parameters, and an isotropic or an 
anisotropic analysis can be conducted depending on the input values o f anisotropic 
parameters. The model parameters are described in section 2.3.2.
Figure 2.5 shows the simplified flow chart of the main algorithm employed in 
ANCALBR8 , and figure 2.6 is the flow chart of the master subroutine ANCLAYVP.












Call subroutine for constitutive model
calculate stress and strain increment
read model parameters 
read initial state parameters 
read solution control constants
Figure 2.5 Flow chart o f the program ANCALBR 8












calculate isotropic or 
anisotropic stress invariants
calculate elastoplastic-viscoplastic operator
calculate size and properties o f  bounding surface
Figure 2.6 Flow chart of master subroutine ANCLAYVP
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23.2 Identification and Calibration of Model Parameters
This section describes the identification and determination of the model 
parameters, and effects of varying values o f the parameters. Table 2.1 shows the 
model parameters needed for the anisotropic elastoplastic-viscoplastic bounding 
surface model. Subscript c means compression and e means extension. The values 
of some parameters can be obtained directly from the results of triaxial tests or 
oedometer tests, and some parameters like Patm (atmospheric pressure) and Pl(one- 
third of Patm) have fixed values, but many parameter values should be determined 
from the best results o f fitting curves from triaxial tests. Figure 2.7 shows the 
suggested calibration procedure for the model parameters. Anisotropic parameters 
were added to the calibration procedure based on the procedure for the isotropic 
cohesive soils proposed by Kaliakin and Dafalias (1991). The detailed descriptions 
of the model parameters are presented in section 2.3.2.1 through section 2.3.2.5. 
23.2.1 Traditional Model Parameters
The parameters X. and k represent the slopes of the virgin compression line and 
load/reload line in e-ln p space. The values of X. and k are obtained from the 
oedometer test.
The parameter M, more specifically Me in compression and Me in extension, is 
the slope of the critical state line in p-q space. The values are determined from 
triaxial tests carried to ultimate conditions. Due to the practical difficulty in triaxial 
extension test. Me /Mc=0.8 can be assumed (Kaliakin, 1985).
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No. Parameter Description Determination
1 X Slope o f NCL Oedometer test
2 K Slope o f swelling line
3 Me Slope o f CSL in compression
4 Me Slope of CSL in extension Triaxial test
5 v o r G Poison’s ratio or shear modulus
6 PI Transitional stress From Patm
7 Patm Atmospheric pressure Fixed value














19 A Anisotropic hardening parameters
2 0 no




25 C 2 e
26 C3e




31 r Combined bulk modulus
NCL = Normally Consolidation Line 
CSL = Critical State Line





Determine traditional material parameters 
G or V , X,  K , Me, Me
Determine values o f  
he, he, ho, m, sp
Determine values o f  
no, C le, C2e, C3e, C le , C2e, C3e, T
Determine values o f  
Re, Re, Ac, Ae, T, C, A
Determine values o f  
sv, V, n, Em
Figure 2.7 Suggested calibration procedure for model parameters 
(modified from Kaliakin and Dafalias, 1991)
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The elastic shear modulus G is estimated from the initial slope o f a plot of undrained 
principal stress difference versus axial strain. Poissons ratio v is usually assumed to 
be 0.3.
The transitional stress PI represents the mean normal effective stress at which a 
consolidation curve changes from linear in e-ln p space to linear in e-p space. It 
prevents excessive softening 6 om occurring when the state o f a specimen is such 
that I is small. In all past applications of boimding surface model, PI has been taken 
equal to one-third o f the atmospheric pressure.
The combined bulk modulus o f pore fluid and soil particles, F, is introduced to 
enable both drained and undrained conditions to be handled by a single numerical 
formulation :
u = r su .  (2.82)
To model drained conditions, F must be small enough to prevent the development of 
any excess pore pressure. To model undrained conditions, F  must be large enough 
to prevent the occurrence of any volumetric strains (Kaliakin, 1992). Herrmann, et 
al. (1987) made use o f F = 2x10'* Patm for undrained condition and F =0 for drained 
condition. DeNatale (1983) suggested 10'* Patm< F < 10  ̂ Patm for imdrained 
conditions.
2.3.2.2 Bounding Surface Shape Parameters
The parameter R determines the ratio of the major to minor axes of ellipse 1, in 
other words, R defines the point which constitutes the intersection o f the bounding
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surface with the critical state line. In the Modified Cam Clay model, R is taken to 
be 2.0 regardless of soil type. However, in the bounding surface formulation, R  is 
considered a parameter and it evolves according to the distortional hardening rule, 
equation (2.64). R is determined from the best simulation o f the imdrained triaxial 
test. Re/Rc can be assumed to be 0.8 (Al-Shamrani, 1991). For isotropic case, the 
values of R in the range 2.0 to 3.0 have been used almost exclusively (Kaliakin and 
Dafalias, 1991). For anisotropic case, the value of R has been in the range 2.5 to 4.0 
(Al-Shamrani, 1991). In this research, the value of R has been found to be in the 
range 1.5 to 3.0. Figure 2.8 through figure 2.10 show the effects of varying R on the 
triaxial test results.
The parameters Ac and Ae control the shape of the hyperbolic portion o f the 
bounding surface, which means Ac and Ae are related only to heavily 
overconsolidated soils. Therefore, they should be determined from the best 
simulation o f triaxial test for heavily overconsolidated samples. Ae is usually taken 
to be equal to 0.8 Ac (Al-Shamrani, 1991), and the value o f Ac is in the range 0.02 to 
0.2 (Kaliakin and Dafalias, 1991). In this research, the value of Ac has been found 
to be in the range 0.01 to 0.15. Figure 2.11 to figure 2.13 show the effects of 
varying Ac on the results of triaxial tests.
The parameter T controls the size of the boimding surface in the tension side by 
defining the point at which ellipse 2 intersects the 1® axis. Because T is obtained 
from extension test and the extension test is rarely performed, T has been fixed at 0.1
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Figure 2.9 Effects o f varing R on excess pore water pressure (OCR=l)
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Figure 2.11 Effects o f varing Ac on principal stress difference (OCR=10)
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Figure 2.13 Effects o f varying Ac on stress path (OCR=10)
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(Kaliakin and Dafalias, 1991), or 0.05 (De Natale, 1983). In  this research, T was 
assumed to be equal to 0.05.
The parameter C defines the location o f the projection center along the I® axis. 
The value o f C is determined from the best simulation o f triaxial test results. C=0 
means that the projection center lies at the origin in stress invariant space. C=1 
means that the projection center lies at the point of intersection between the 1 '  axis 
and ellipse 1. Therefore, C can be any value between 0 and 1. In this research, C 
was found to have the values in the range 0.0 to 0.15. Figure 2.14 through figure 
2.16 show the effects o f the values of C on the results o f triaxial tests.
The elastic zone parameter Sp defines the extent of the elastic nucleus and it 
may have any value over 1. When Sp is 1, the elastic nucleus shrinks to a point, then 
inelastic deformation occurs immediately on the application o f  loads. When Sp is 
infinity, the bounding surface serves as a yield surface as in the classical plasticity, 
then the behavior o f all stress states within the bounding surface is purely elastic. 
The value o f Sp is obtained from the best simulations of triaxial tests. However, 
thinking that there is no purely elastic response, the value o f Sp was assumed to be 
1.0 in this research. Figure 2.17 to figure 2.19 show the influences o f varying Sp on 
the results o f triaxial tests.
23.2.3 Shape Hardening Parameters
The shape hardening parameters, he, he, ho, and m, enter into the equation for
the plastic modulus, equation (2.48), through the shape hardening function, H. 
They control the degree to which plastic hardening or softening occurs at stress states
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Figure 2.15 Effects o f varying C on excess pore water pressure (OCR=l)
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Figure 2.17 Effects of varying Sp on principas stress difference (OCR=2)
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Figure 2.19 Effects o f varying Sp on stress path (OCR=2)
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within the bounding surface. The values o f he and he are obtained from the best -fit 
of the results from triaxial tests, he can assume any value over 0 , and the value of 
ho has always been assumed to be equal to the average values o f he and he (Dafalias 
and Herrmann, 1986). The value o f he has been found to be in the range 10 to 300 
in this research. The value o f m equal to 0.02 has been used in all past applications 
of the model (Kaliakin, 1992), and he/hc=l was used in this research. Figure 2.20 to 
figure 2 . 2 2  show the effects of varying he on the results o f triaxial tests.
23.2.4 Anisotropic Hardening Parameters
The anisotropic parameters are A, no, Cic ,C2 c ,C3 c ,C2 « ,C3 e . Among 
them, A is the initial anisotropy parameter entering into the equation (2.35), and the 
other parameters are related to the induced anisotropy.
The initial anisotropy parameter A defines the initial rotation of the bounding 
surface. This initial anisotropy is mainly due to the consolidation mode. The value 
of A is obtained from the best simulation o f the results o f triaxial tests. The value of 
A has been found to be in the range 1.0 to 1.3 in this research. The value of 1 means 
initial isotropy. Figure 2.23 through figure 2.25 show the effects of varying A on 
the results of triaxial tests.
The parameters, no, Cic ,C2 c ,C3 c ,Cic ,C2 e ,Cjc , are related to the induced 
anisotropy. They enter into the equation (2.26) and contribute to the rotational 
hardening. They can be determined from the best -fit o f the results of triaxial tests. 
The values of no, Cic ,C2 c , and C^c have been found to be in the range 0.0 to 20.0, 
50 to 150, 0.0 to 10.0, and 50 to 150, respectively, in this research. The values in
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Figure 2.21 Effects o f varying he on excess pore water pressure (OCR=2)
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Figure 2.23 Effects of varying A on principal stress difference (0CR=1)
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Figure 2.25 Effects o f varying A on stress path (OCR=l)
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compression are assumed to equal to the values in extension. The qualitative 
influences o f  Uo, C,c .Czc , and Csc are shown in figure 2.26 through figure 2.28, 
figure 2.29 through figure 2.31, figure 2.32 through 2.34, and figure 2.35 through 
figure 2.37, respectively.
2.3.2.S Viscoplastic Parameters
The viscoplastic parameters, Sv, V, n , , enter into the normalized stress
function, equation (2.51), the overstress function, equation (2.79), equation (2.80), 
and the viscosity function, equation (2.80). They are typically determined fiom the 
best-fit o f the results o f triaxial creep and/or stress relaxation tests, preferably 
performed under undrained triaxial conditions. Actually, two triaxial creep tests 
were performed to determine the values in this research. The details o f the tests 
conducted to obtain the parameter values are presented in the following section. 
The values o f  Sy, V, and n have been found to be in the range 1.0 to 6.0, 10  ̂to 10*°. 
and 1 . 0  to 8 .0 , respectively, in this research.
The parameter Em represents the value of axial strain associated with the time at 
which the axial strain rate becomes a minimum. If creep rupture is to be predicted 
analytically, a  suitable value for Sm must be chosen to cause a rapid increase in 
predicted strain at a given time. If, on the other hand, no evidence of creep rupture 
is observed experimentally, Em should be set equal to an artificially large value like 
20 or 30 %  (Kaliakin and Dafalias, 1991). Because the creep rupture has not been 
observed in the triaxial creep tests, the value o f Em was assumed to equal to 30 % in 
this research.
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Figure 2.27 Effects o f varying n^ on excess pore water pressure (OCR=l)
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Figure 2.29 Effects o f varying C,c on principal stress difference (OCR=l)
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Figure 2.31 Effects of varying C,c on stress path (OCR=l)
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Figure 2.33 Effects o f varying C^c on excess pore water pressure (OCR=l)
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Figure 2.35 Effects o f varying € 3  ̂on principal stress difference (0CR=1)
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Figure 2.37 Effects o f varying C^c on stress path (OCR=l)
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The qualitative influences of Sv, V, n are shown in figure 2.38 and figure 2.39, 
figure 2.40 and figure 2.41, and figure 2.42 and figure 2.43, respectively.
2.3.3 Triaxial Test and Oedometer Test
The isotopic, anisotropic triaxial tests, and the oedometer tests were performed 
to determine the model parameter values needed for the anisotropic elastoplastic- 
viscoplastic bounding surface model described in section 2.2. All the model 
parameters except X and k are determined fi’om the results o f isotropic and 
anisotropic triaxial tests. The parameter X and tc are obtained from the oedometer 
tests. The conditions o f the triaxial tests and the oedometer tests are according to 
the conditions of the piezocone penetration tests since this model will be used for the 
numerical simulation o f the piezocone penetration, and the results o f the simulation 
will be compared with the experimental results o f the piezocone penetration test. 
The numerical simulation of piezocone penetration and the experiment of the 
piezocone penetration test are described in chapter 3 and chapter 4, respectively.
A mixture o f 33% kaolin and 67% fine sand by dry weight was used to prepare 
test specimens. First, the dry soil sample was mixed with deaired water at a water 
content o f twice liquid limit. The slurry was careftdly placed into the small slurry 
consolidometer (figure 2.44), then consolidation was performed using dead weights 
(figure 2.45). Dead weights were applied in four steps. Figure 2.46 shows an 
example of consolidation data at the small consolidometer. The small slurry 
consolidometer was made of stainless steel and it is longitudinally split into two 
parts. Since the diameters o f small slurry consolidometer and specimen are same.
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Figure 2.39 Efifects o f varying ŝ . on excess p.w.p. - time response (OCR=l)
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Figure 2.41 Effects o f varying V  on excess p.w.p.- time response (OCR=l)
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Figure 2.43 Effects of varying n on excess p.w.p. - time response (0CR=1)
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Figure 2.44 Small slurry consolidometer for triaxial test (after Tumay)
Figure 2.45 Slurry consolidation for triaxial specimen
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Figure 2.46 Consolidation data at small slurry consolidometer
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only one side trimming is needed to prepare specimen. Through this slurry 
consolidometer technique, very homogeneous and undisturbed specimens were 
prepared with known stress history. The specimen for the oedometer tests were 
prepared also using the slurry consolidometer technique but with a different size of 
small slurry consolidometer (figure 2.47).
Three isotropic consolidated-undrained compression triaxial tests and four 
anisotropic consolidated-undrained compression triaxial tests were conducted with 
pore water pressure measurements according to the standard test method ASTM 
D4767. In addition to the undrained triaxial compression tests, two triaxial 
undrained creep tests and two oedometer tests were conducted. In the triaxial tests, 
one more step was added to the standard procedure to ascertain OC 
(overconsolidated) state o f specimen, after isotropic or anisotropic consolidation and 
before undrained compression shearing or undrained creep loading. Anisotropic 
consolidation (figure 2.48) was carried out by applying a vertical stress to the 
specimen during consolidation, in addition to the all-round cell pressure. The 
additional vertical stress was applied using a dead weight through the yoke system. 
Since bigger lateral stress than vertical stress could not be applied to the specimen in 
this anisotropic cell, the consolidation at a stress ratio (ogVoi') more than 1 could not 
be achieved. The stress ratio 0.42 was chosen to simulate the piezocone penetration 
test. The value o f 0.42 was obtained from piezocone penetration test results. The 
strain-control type undrained compression shearing was conducted at the rate of 
0.1%/min. after the isotropic or anisotropic consolidation, actually, after the step of
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making specimen overconsolidated state. Table 2.2 and table 2.3 show triaxial test 
program and oedometer test program, respectively.
The results o f the triaxial tests and oedometer tests are presented with the model 
predictions in the following section.
Figure 2.47 Small slurry consolidometer for oedometer test (after Tumay)
Figure 2.48 Anisotropic triaxial cell
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
23.4 Verification of the Model
This section describes the results of the triaxial tests and the model predictions. 
The following parameter values were commonly used for the model predictions 
throughout the whole tests :
X =0.06, K=0.01 , Me/Mc=0.8, T=0.05, Re/Rc=0.8, Ae/Ac=0.8, m=0.02, he/hc=1.0, 
ho=(hc+he)/2, C\e/Cic= C3«/C3c=l.0, T=5xlO^ , Gm=30 % .
The viscoplastic parameters, Sv , V, n, 8m , were used only for the triaxial test 
no. 8 and no.9 which were the time-dependent tests.





















I 206.83 262.01 262.01 Iso. 262.01 262.01 Iso. NO
Undrained shearing
(0.1%/min.)
2 206.83 262.01 262.01 Iso. 131.01 131.01 Iso. 2
Undrained shearing 
(0.1%/min.)
3 206.83 262.01 262.01 Iso. 2620 2620 Iso. 10
Undrained shearing 
(0.1%/min.)
4 206.83 262.01 110.04 0.42 262.01 110.04 0.42 NC
Undrained shearing
(0.1%/min.)
5 206.83 330.96 139.00 0.42 330.96 139.00 0.42 NC
Undrained shearing 
(0.1%/min.)
6 206.83 262.01 110.04 0.42 131.01 77 JO 0.59 2
Undrained shearing 
(0.1%/min.)
7 206.83 262.01 110.04 0.42 43.67 43.67 1.0 6
Undrained shearing
(0.1%/min.)
8 206.83 262.01 110.04 0.42 262.01 110.04 0.42 NC Undrained Creep 
(Aov=62.74icPa)
9 206.85 262.01 110.04 0.42 43.67 43.67 1.0 6 Undrained Creep 
(Aov=68.93kPa)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
76
Table 2.3 Oedometer test program
Step Oedometer test no. 1 Oedometer test n o 2




Loading 1 (kPa) 44.47 44.47
Loading 2 (kPa) 85.70 85.70
Loading 3 (kPa) 168.17 168.17
Loading 4 (kPa) 333.17 333.17
Loading S (kPa) 663.09 663.09
Loading 6 (kPa) 1322.87 1322.87
Unloading 1 (kPa) 333.17 333.17
Unloading 2 (kPa) 85.70 85.70
Reloading 1 (kPa) 333.17 333.17
Reloading 2 (kPa) 1322.87 1322.87
Reloading 3 (kPa) 2642.99 2642.99
Table 2.4 through table 2.12 show the model parameters used for the model 
prediction of each triaxial test. Figure 2.49 through figure 2.73 show the model 
predictions and the experimental results o f each triaxial test. The conditions o f the 
triaxial tests were described in table 2.2. In figure 2.49 through figure 2.73, it is 
shown that the results o f model predictions using the anisotropic elstoplastic- 
viscoplastic bounding surface model and the experimental results match very well 
both for normally consolidated and for overconsolidated cases, and both for time 
independent and for time dependent cases.
Table 2.4 Model parameters for triaxial test no. 1
Me 1.0 he 190
G 9500 kPa A 1.0
Rc 2.3 tlo 1.0
Ac 0.1 C,c 80.0
C 0.55 Czc 1.0
Sp 1.0 C3c 70.0
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Table 2.5 Model parameters for triaxial test no.2
Me 1.0 he 180
G 9000 kPa A 1.0
Rc 2 .2 Ho 1.0
Ac 0.1 C ,c 90.0
C 0.50 C2c 1.0
1.0 C3c 60.0
Table 2.6 Model parameters for triaxial test no.3
Me 1.0 he 130
G 9300 kPa A 1.0
Rc 2.5 Do 10.0
Ac 0.1 C ,c 90.0
C 0.6 C2c 1.0
Sp 1.0 Cac 70.0
Table 2.7 Model parameters for triaxial test tio.4
Me 1.8 he 190
G 15000 kPa A 1.2
Rc 2.0 Ho 1.0
Ac 0.1 C ,c 80.0
C 0.6 C2c 1.0
Sp 1.0 C3c 70.0
Table 2.8 Model parameters for triaxial test no.5
Me 1.8 he 200
G 14000 IcPa A 1.2
Rc 1.9 Ho 1.0
Ac 0.1 C ,c 80.0
C 0.7 C2C 1.0
Sp 1.0 Cac 70.0
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Table 2.9 Model parameters for triaxial test no.6
Me 1.8 he 160
G 15500 kPa A 1.2
Rc 2.0 Bo 1.0
Ac 0.1 C,c 80.0
C 0.7 C2C 1.0
Sp 1.0 C3C 70.0
Table 2.10 Model parameters for triaxial test no.7
Table 2.11 Model parameters for triaxial test no.8
Me 1.8 he 130
G 15000 kPa A 1.2
Rc 2.1 Bo 8.0
Ac 0.1 C ,c 70.0
C 0.8 Ck 1.0
Sp 1.0 C3c 70.0
Me 1.8 Sp 1.0 C2c 1.0
G 15000 kPa he 180 C3c 70.0
Rc 1.9 A 1.2 Sv 2.0
Ac 0.1 Bo 1.0 V 5x10*
C 0.7 C .c 80.0 n 4.0
Table 2.12 Model parameters for triaxial test no.9
Me 1.8 Sp 1.0 C2C 1.0
G 14500 kPa he 130.0 C3C 70.0
Rc 2.0 A 1.2 Sy 2.0
Ac 0.1 Bo 7.0 V 5x10*
C 0.7 C,c 80.0 n 4.0
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Figure 2.50 Model prediction and experimental result of triaxial test no.l (2/3)
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Figure 2.52 Model prediction and experimental result o f triaxial test no.2 (1/3)
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Figure 2.54 Model prediction and experimental result o f  triaxial test no. 2 (3/3)
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Figure 2.55 Model prediction and experimental result o f triaxial test no. 3 (1/3)
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Figure 2.56 Model prediction and experimental result of triaxial test no. 3 (2/3)
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Figure 2.58 Model prediction and experimental result o f triaxial test no. 4 (1/3)
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Figure 2.60 Model prediction and experimental result o f triaxial test no. 4 (3/3)
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Figure 2.62 Model prediction and experimental result of triaxial test no. 5 (2/3)
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Figure 2.63 Model prediction and experimental result of triaxial test no. 5 (3/3)
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Figure 2.64 Model prediction and experimental result of triaxial test no. 6 (1/3)
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Figure 2.66 Model prediction and experimental result o f triaxial test no. 6 (3/3)
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Figure 2.67 Model prediction and experimental result o f triaxial test no. 7 (1/3)
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Figure 2.68 Model prediction and experimental result o f  triaxial test no. 7 (2/3)
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Figure 2.70 Model prediction and experimental result o f triaxial test no. 8 (1/2)














0 2000 4000 6000 8000 1200010000
time (min.)












0 2000 4000 6000 8000 1200010000
time (miiL)
Figure 2.72 Model prediction and experimental result o f triaxial test no. 9 (1/2)
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Figure 2.73 Model prediction and experimental result of triaxial test no. 9 (2/2)
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CHAPTER 3
NUMERICAL SIMULATION OF PIEZOCONE PENETRATION
3.1 Introduction
In this chapter, the anisotropic elastoplastic-viscoplastic bounding surface 
model derived in chapter 2 is formulated in the updated Lagragian reference frame 
for the large deformation and finite strain nature o f piezocone penetration. The 
formulated model is implemented into a finite element program, EPVPCS-S 
(Elastoplastic-Viscoplastic Coupled System - Soil), to analyze the mechanism o f 
piezocone penetration. A finite element formulation was performed considering the 
viscoplastic contribution to implement the model, and the theory of mixtures was 
incorporated to explain the behavior o f the soil. The computer program, EPVPCS- 
S, was developed firom the program GAP/CTM developed by Voyiadjis and Kiousis 
(1987), Voyiadjis and Sivakumar (1991, 1994), Abu-Farsakh (1997), Voyiadjis and 
Abu-Farsakh (1997), and CS-S (Song, 1999). They used elastoplastic formulation 
and the Modified Cam Clay model.
When reviewing the historical development of the finite element analyses o f 
piezocone penetration in chapter 1, this research is the first one to perform a finite 
element analysis o f piezocone penetration using an elastoplastic-viscoplastic model 
in the concept o f large deformation and finite strain.
The results o f  the finite element analyses of piezocone penetration are 
presented in chapter 5 together with the experimental results o f  piezocone 
penetration test.
92
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3.2 Updated Lagrangian Formulation of Constitutive Relations
This section describes the elastoplastic-viscoplastic constitutive relations in the 
frame o f updated Lagrangian formulation.
In the updated Lagrangian formulation, all quantities in the n+1 configuration 
are determined with respect to the previous n configuration and the reference 
configuration is updated after each incremental step. Figure 3.1 explains that the 
body occupies a volume Vq, V„, V„+i at load increments 0, n, and n+1, respectively, 
corresponding to time t t ", and t in the fixed cartesian coordinate system.
The displacement and the coordinates at n and at n+1 configurations are 
represented respectively by :
u , . = - 'u , . - " U ;  (3.1)
Z := - 'X ;= "X ;+ U ; (3.2)
where X and Z define the location of the particles at each configuration in the 
Lagrangian and Eulerian reference frames, respectively, and they are expressed as :
" X ;= " X iC X ,, ''X ,," X J  i=I,2,3 (3.3)
Z ^= "* 'X ,(Z „Z ,,Z 3 ) k=l,2,3 (3.4)
In the following development, the superscript s or ' denote the quantities for the solid 
skeleton, i.e., the 'effective' concept.
For finite deformations, the elastoplastic and elastoplastic-viscoplastic 
constitutive equations for the solid skeleton, as shown in equation (2.74), are given 
by, respectively :





Figure 3.1 Configuration of a body (Voyiadjis and Abu-Farsakh, 1997)
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~  ^abcd^^cd (3 -5 )
<̂ ab = D ^ d ^ -< P 3 b  (3.6)
where D is the elastoplastic stress-strain matrix as expressed in equation (2.75) and 
(p^ is the viscoplastic contribution as expressed in equation (2.76). The spatial 
strain rate tensor d is given by :
+ ' 'l a  ) (3 7)
The relation between the total corotational stress rate tensor, cr^ , and the 
effective corotational stress rate tensor, , is expressed as :
<̂ ab =(^ab + Pw 5ab (3 8)
Voyiadjis and Kattan (1989) suggested the effective corotational stress rate
tensor, , as :
= (̂ ab -  a„, + (3.9)
w ; * = w i - w : :  (3 . 1 0 )
(3,11)
where is the effective Cauchy stress rate tensor, is the effective Cauchy 
stress tensor, W^* is the modified spin tensor, and Ŵ " is the plastic spin tensor.
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The relation between the Cauchy stress tensor, , and the second Piola-
Kirchhoff stress tensor, , is given by :
(3.12)
- j S ^ = r X L X ^ , - 'o ^  (3.13)
where J ' is the corresponding Jacobian for the solids and X*^ is the deformation 
gradient that is expressed as :
By differentiating both sides of equation (3.13) with respect to time in the
Lagrangian reference frame, the second Piola-Kirchhoff stress rate tensor is given by




=c^^+Pw 6^  (3.17)
By substituting equation (3.7), equation (3.9) to equation (3.11), equation (3.16), and 
equation (3.17) into equation (3.15), the following expression is obtained (Abu- 
Farsakh, 1997).
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+ dl< y'^  + P^ 5^
+ dLP.5.b - 2 d ‘3bP. -  W ^a;; + W ;ja;^] (3.18)
where the spatial strain rate tensor, , is related to the material strain rate tensor,
E% by :
d l , = X l c K . ^ e i o  (3.19)
Now, substituting the elastoplastic-viscoplastic constitutive relation, equation (3.6), 
into equation (3.18) together with equation (3.19) yields :
^ a b  ~  (^ A B C D  G CD  +  3 ^ P »  S j b
- o , W . ï ) - J ‘X ’;,,X i.,(p* (3.20)
In equation (3.20), the third term is due to the plastic spin tensor, and the fourth term
is due to the viscoplastic contribution.
Equation (3.20) can be rewritten with neglecting the plastic spin tensor :
sL  = + J 'X L X L  p1  8.» -  (3.21)
where
^  A BCD  ^ C ^ A B C D  ~ * ^ c b ^ a d  ~ ^ a c ^ b d  ^ a b ^ c d  +  P «  ^ a b ^ c d
- 2 P .8 .S , , ] ( J 'X L X L X L X L )  (3.22)
The last term in equation (3.21) is the viscoplastic contribution.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
98
3.3 Updated Lagrangian Formulation of Virtual Work Equation
This section describes how the form of the virtual work equation changes due 
to the viscoplastic contribution. Accordingly, the finite element formulation 
changes and it is described in section 3.5.
The virtual work equation in the updated Lagrangian formulation is given by 
(Bathe, 1990) :
(3.23)
where R is the external virtual work due to the applied loads and surface 
tractions, and it is expressed,
when the external virtual work is deformation independent,
■*'R= J , .  ■*'b,5ufdV» + - ' t . S u J d S '  (3.24)
when the external virtual work is deformation dependent,
■*'R= “* 'b ,8 u îd V ' + J^.„ - t^ S u Jd S "* ' (3.25)
In equation (2.34) and equation (2.35), b is the body force, ôu is the variation of the 
displacement, and t is the surface loading.
In the virtual work equation, equation (3.23), V is the volume, e is the total
strain and it is decomposed into the linear strain, o^ ab» and the nonlinear strain,
n t i x B  •
n®~n®AB'*"ntiAfl (3.26)
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n®AB ~^o^A.B'*'n^B.A) (3-27)
n^AB ~ ‘̂ (n^K.A‘*'n'^Kj) (3-28)
where u is the displacement vector.
The is the second Piola-Kirchhoff stress tensor at n+1 referred to the n
configuration as indicated in figure 3.1 and it is related to the Cauchy stress tensor,
"^AB»by :
" ;'S ab="<Jab+"A S^ (3.29)
where "A S^ is the incremental stress tensor from configuration n to n+1 as 
indicated in figure 2.1 and the total Cauchy stress tensor, , has the following 
relation with the effective Cauchy stress tensor, “ .
^AB~  (̂ AB Pŵ AB (3.30)
By substituting equation (3.26) and equation (3.29) into equation (3.23), the 
left side o f  the virtual equation is expressed as :
” à S « 8 { " . 'e „ )  d “V =  / .  + A .S „ )  S ( . e „ + . n „ )  d"V
= "® A B8(.eA B+.n«>i'V  + / . ^ A „ S „ 8 ( ,e ^ + . i l „ ) d " V  (3.31)
Using equation (3.21) in section 3.2, A„ can be expressed as :
A.S/u, = J''“s„dt
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= DlBcoAGcD + J*X* .̂.X*3.,AP  ̂ -  (3.32)
By substituting equation (3.32) into equation (3.31), and by ignoring the term that
contains tiSt] , since it is very small for finite strains, the following virtual work
equation is obtained.
J.y  ^ABCoC^n^CD ■‘■^iiOcd)
/ .y  ^ABCD^n®CD^n
+ J.,("O A B +“P .8 A .) 8 .n « < lV
+ J .v - '’X ‘A . .X i . ,8 ^ A P .( S .e „ + S . t i „ )  d V
^A.*^B.b^ib(8|t®AB ■*̂ a ^Ab) dV"
="*‘R -  J .v ( "  <Ja, + ' P . 8 „ )  8 . e „ d V  (3.33)
Equation (3.33) is a form o f  elastoplastic-viscoplastic virtual work equation. The 
last term o f  the left side in the equation indicates the viscoplastic contribution. 
Equation (3.33) is implemented into a finite element formulation in section 3.5 as the 
first coupled equation. The finite element formulation also changes due to the 
change o f the virtual work equation.
3.4 Theory o f Mixtures
This section describes and interprets the theory of mixtures that was used to 
explain the behavior o f soils as a multiphase medium. Conceptually, the theory of 
mixtures derives a coupled equation, which governs the behavior o f  the multiphase
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porous media such as soils. The theory of mixtures is based on the general concept 
that the soil skeleton consists of solid grain particles and voids that are filled with 
water. The final coupled equation in theory o f mixtures is derived using the law of 
conservation o f mass and a certain flow law of water through the voids.
As presented in introduction, section 3.1, among the three versions of the 
theory o f  mixtures, the coupled field equation in the updated Lagrangian reference 
Game (Abu-Farsakh, 1997) was used in this research. The coupled equation in 
theory o f  mixtures is implemented into a finite element formulation as the second 
coupled equation in section 3.5.
In the theory o f mixtures, soil is considered as a mixture of multiphase 
deformable medium o f solid grains and water when saturated (figure 3.2). Solid 







Figure 3.2 Representation o f soil as two phase medium
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Based on figure 3.2, the following quantities are defined.
W fV
Y w = ^ ;  (3.33)
’ w
P w = —  ; P s = —  (3.34)
g g
n ” = ^  (3.35)
P’ = ^  = n * p . ; p - = ^  = n ' ' p , = ( l - n 'K  (3.36)
where is the weight o f the water, is the weight o f the solid, is the
volume o f  the water, V, is the volume o f the solid, y* is the unit weight o f  the
water, y ,  is the unit weight o f the solid, g is the acceleration due to gravity, is 
the intrinsic mass density of the water, p, is the intrinsic mass density o f the solid,
n* is the porosity o f the soil, p" is the apparent mass density o f the water, and p* is 
the apparent density o f the solid.
The amount o f mass, m “ , o f the constituent, a ,  in the continuum occupying 
the spatial volume, V , at time t is given by ;
m “ = | p “dV (3.37)
V
where a  can be solid, s , or water, w .
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The law o f conservation of mass requires that the rate of change o f the mass for each 
constituent in the continuum be equal to zero and hence the material derivative of 
m“ be zero.
The balance o f  mass for each constituent is expressed as (Prévost, 1980) :
p “ + p “div(v“ )= 0  (3.38)
where v “ is the velocity of the a  constituent.
The water is assumed to be incompressible as :
n "  + n"d iv(v~) = 0 (3.39)
The solid is assumed to be incompressible as :
n ‘+n*div(v") = G (3.40)
The porosity has the following clear relation.
n * + n * = l  (3.41)
By making use o f equation (3.39) to equation (3.41), the balance o f mass is rewritten 
in terms o f the soil porosity, n * , the solid velocity, v*, and the water velocity, v “ 
(Prévost, 1980).
div(v*)-div(v* )=  -^ [d iv (v * )+ (v* -  v*)grad(n" )] (3.42)
n “
The general form of Darcy's law for the flow o f water through porous medium 
is given by :
( v > - v ’) = — ! - K ” ( g i a d ( P j - p .b )  (3.43)
Y w
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where b is the body force vector and K** is the permeability tensor in m/sec.
By taking divergence o f both sides o f  equation and substituting the result into the 
equation o f balance of mass, equation (3.42), the following equation is obtained :
div(v*)—n*div —  K “ ( g r a d ( P j - p .b ) + (v* -  v*)grad(n*)=0 (3.44)
By making use o f equation (3.43), equation (3.44), and the following relations.







= X*az. axo (3.49)
the coupled equation in theory of mixtures in the Updated Lagrangian formulation is 
obtained as (Kiousis and Voyiadjis, 1985; Voyiadjis and Abu-Farsakh, 1997) :
J 'c n  6 , - r q  X L ax, -PwBj =  0 (3.50)
where
q = x ;L iX ^ (3.51)
The soil porosity, n " , can be updated from at n configuration to at n+1 configuration 
using the jaccobian o f solid grains, J*.
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1 - C ,  _ 1
1 - n :  r (3.52)
In section 3.5, equation (3.50) is implemented into a finite element formulation as 
the second coupled equation together with the first coupled equation derived in 
section 2.2.3 and section 3.3.
3.5 Finite Element Formulation
This section describes and interprets the implementation o f  the first and the 
second coupled equations derived in section 3.3 and in section 3.4 into a finite 
element formulation, following the procedure used by Abu-Farsakh (1997).
A part in the final form o f the finite element formulation changes due to the
viscoplastic contribution in the first coupled equation (3.33).
The following finite element discretization is used for the displacement, u , and 
the pore water pressure, Pw .
u = h-U (3.53)
P , = N - W  (3.54)
^  = N ,.W  (3.55)
dXg
where h is the displacement shape function, N is the pore water pressure shape 
function which is different from the displacement shape function, U is the nodal 
displacement, W is the nodal pore water pressure, and equation (3.55) indicates the 
pore water pressure gradient. The variation of linear and nonlinear strains are given
by :
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06 = 8^ 5U (3.56)
ôti = B n l SU (3.55)
where Bl and Bnl are the linear and nonlinear strain-displacement matrices.
Substituting equation (3.57) into the first coupled equation (3.33) yields ;
S U ^ ( .K ,+ .K ^ + .K ^ + ,K - ) i U - 8 U ^ "  0 4 W  = 8 U \  <I> (3.56)
Equation (3.56) is valid for any virtual displacement 5U^; therefore, the following 
expression is obtained (Abu-Farsakh, 1997) ;
„KAU+''nAW=„<D (3.57)
Equation (3.57) is the final form o f the numerical formulation o f the first coupled 
equation (3.33).
In equation (3.57), the elastoplastic stifbess matrix, , is expressed as :
n®^~o^L"*'nKNL+nKjjL+„K (3.58)
(3.59)
.K « .= / . „ .B j D - - .B H t d " V  (3.60)
.K -  = J . ^ . C ^ d " V  (3.61)
.C „ i= .B 'J - ” <i-,B-^ (3.62)
where „K l is the linear stiffiiess matrix, „ K nl is the nonlinear stifbess matrix,
„K ‘ is the nonlinear geometric stifBness matrix, and „ C nl is the nonlinear matrix. 
The coupling matrix, „ Q , in equation (3.57) is expressed as :
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where
, « = J . v-'‘X * ..X -,..(,b : + „ B ^ )  N *d"V  
N = mN
= { 1 I 0 } for two dimension
(3.63)





a  = CT + mP w (3.67)
In equation (3.57),
+ (3.68)
In equation (3.68), the last term in the right side indicates the viscoplastic 
contribution. With equation (3.58) through equation (3.68), the numerical
formulation o f the first coupled equation (3.57) is completely defined.
The condition that the continuity equation (3.50), the second coupled equation, 
applies throughout the continuum using Galerkin's weighed residual method requires 
that ;
I. j-c-; c;-' ^ A _
K ws 
AB pB, P w d "V = 0  (3.69)
By applying Green's theory, the weak form o f equation (3.69) is obtained as (Abu- 
Farsakh, 1997) :
J .v  ■’’C f  4  P .d "  V -
gPv
ax, -d"V
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- J . ^ q . P . d " V  = 0 (3.70)
where the weighted residual (virtual pore pressure), P * , the pressure gradient, 
5P A / 6Xg , are given by :
P w = N w  (3.71)
aPw = N ^ w  (3.72)
In equation (3.70), q» is the seepage velocity normal to the boundary surface.
By substituting equation (3.56), equation (3.57), equation (3.71), and equation 
(3.72) into eqtiation (3.70), the final form of the numerical formulation o f the second 
coupled equation is obtained as (Abu-Farsakh, 1997) :
-„Q ^A U +„'P0tA W =„n (3.73)
where
. 'P = /.,■»’ T ^ C ’/ ' c : ' . K S N  .N  . d 'V  (3.74)
t W
, n = 8 t G - S t .> P W - J .^ q .P .d " A  (3.75)
G = - J ,  J - n 'C - : 'c f  .K S N .„ N ,,d " V  (3.76)
AU = U"*‘ -U "  (3.77)
AW = W " * '- W ’ (3.78)
where AU is the incremental nodal displacement, and AW is the incremental nodal 
excess pore water pressure.
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By assembling the numerical form of the first coupled equation (3.57) and the 
numerical form o f the second coupled equation (3.73), the global coupled expression 
for the behavior o f the two-phase skeleton-fiuid state is obtained as (Abu-Farsakh, 
1997):
„K




To define the elements of the matrices o f the global coupled equation (3.79), 
the 8-noded isoparametric plane strain element, Q8P4, is used as shown in figure 
(3.3).
1
Figure 3.3 8-noded quadratic plane element (Cook, et. al., 1989)
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The shape function for the 8-noded isoparametric plane element is given by :
h, 0 h , 0 h ; 0 h , 0 h ; 0 hg 0 h , 0 bg 0
(3.79)
O h ,  0 h ; 0 h; 0 hj 0 h , 0 h* 0 h? 0 h,,
The element displacements are related to the nodal displacements through the shape 
function h as :
Ui = ^ b k U (k) (3.80)
k=l
The shape functions in equation (3.80) are expressed in terms o f local coordinates r 
and s, so the chain rule is used to refer the displacement derivatives in terms of the 
global coordinates. The displacement derivatives with respect to the global 
coordinates are given by (Bathe, 1990) :
where
_  r - i  , a h .
(3.81)
a"x a"r J -  a na"s (3.82)
Using equation (3.81) and equation (3.82), the deformation gradient matrix F for the 






au , au ,
a"x, a"x.
(3.83)
Using equation (3.83) and equation (3.27), the linear strain-displacement matrix, El, 
is given by :
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[ B j  =
“ h , , 0 0 " h z . . •••  " ^ 7 .1 0 " K . 0
0 " K 2 0 0 ... Q " h 7 . z 0 " h * . 2
" K " h z . " h 3 . z •••  " ^ 7 . 2 " h , . z
(3.84)
Using equation (3.83) and equation (3.28), the nonlinear strain-displacement matrix, 
B n l , is given by :
where
[g ]= 0
[Q r  =
[h ]=
Bs l =G Q H
.1 0 " K 0 "hz.. "h M 0 "h ,. 0
a 1̂.2 0 "h,z 0 0 "h«.2 0 "h,.2
n.2 K "h,z "hu "hz.z “h 1,2 8̂.1 "h,.z
■ul 0 0 0 ’uf 0 • • • "u? 0 0 0
0 "ul 0 0 0 " ... 0 "uf 0 0
0 0 0 0 0 ... 0 0 "u: 0
0 0 0 0 0 ... 0 0 0 “u*.
“hu 0 "h2. 0 n 7̂,1 0 " K^ 0
"h, 2 0 " 2̂.2 0 • 0 7̂.2 0 " 8̂.2 0
0 n K 0 "hz., • 0 0 " 8̂.1





As show equation (3.62), the nonlinear matrix, rCnl, is expressed as :
[ . C , ^ l = [ . B V r N l  L b -„.] (3.89)
The geometric nonlinear strain-displacement matrix, [o^ nl]» is rearranged in the 
following form :
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[®nl] -
" K 0 0 0 " h ,. 0
"h.,2 0 "h2.2 0 -  " K z 0 "h».2 0
0 "h ,. 0 "h2.t . . .  Q 0
0 0 " ^ 2 ... Q "h?.2 0
(3.90)
The stress tensor is given by :
[ " ct] =
"(?,2 0 0
<̂21 "«22 0 0
0 0 "«.I " a




The global coupled equation (3.79) obtained from the first and the second 
coupled equations is now completely defined with equation (3.79) through equation 
(3.90).
3.6 Computer Implementation and Numerical Simulation of 
Piezocone Penetration
In this research, the finite element formulation o f the global coupled equation 
was implemented into the computer program, EPVPCS-S (ElastoPIastic-ViscopIastic 
Coupled System - Soil), together with the numerical simulation of piezocone 
penetration. The program EPVPCS-S was developed from the computer program, 
GAP/CTM (Geotechnical Analysis Program based on the Coupled Theory of 
Mixture), which has been developed by Abu-Farsakh, et al. (1997) and Voyiadjis and 
Abu-Farsakh (1997), and CS-S (Coupled System - Soil) developed by Song (1999). 
In GAP/CPM, the piezocone penetration has been numerically simulated and the 
Modified Cam Clay model has been used. In CS-S, the anisotropic elastoplastic 
Modified Cam Clay model proposed by Dafalias (1987) has been used toghether
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with the plastic spin tensor (Voyiadjis and Kattan, 1990) in the finite strain 
formulation as described in section 3.2. In this research, the anisotropic 
elastoplastic-viscoplastic bounding surface model was used and, accordingly, an 
appropriate finite element formulation was implemented into the computer program, 
EPVPCS-S, together with the numerical simulation o f piezocone penetration used by 
Abu-Farsakh, et al. (1997), Voyiadjis and Abu-Farsakh (1997), and Song (1999).
This section describes the numerical simulation o f piezocone penetration. The 
results o f the numerical analyses o f piezocone penetration using the program, 
EPVPCS-S, are presented in chapter 5 with the experimental results.
The piezocone penetration was treated as an axi-symmetric boimdary problem 
(Kiousis, 1985; Kiousis, et al., 1988; Sandven, 1990; Teh and Houlsby, 1991; van 
den Berg, et al, 1994; Voyiadjis and Abu-Farsakh, 1997), and the piezocone 
penetrometer was assumed to be infinitely stiff and no tensile stresses were allowed 
to develop along the centerline boundaries. Since the soil around the piezocone 
penetrometer undergoes substantial displacements during penetration, a large 
deformation and finite strain formulation was used in the analysis. To avoid the 
tremendous computational errors in the transient state due to large rotations of the 
elements involved, the piezocone penetrometer was assumed to be initially pre-bored 
to a certain depth with the initial stresses remaining unchanged (Devorst and 
Vermeer, 1984; Voyiadjis and Abu-Farsakh, 1997).
The continuous penetration of piezocone was simulated by applying an 
incremental vertical displacement o f the piezocone boundary as shown in figure 3.4.
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The vertical displacement could be applied at various rates but 0.3 cm/sec and 0.6 
cm/sec were applied which were the same rates at the piezocone penetration tests 
described in chapter 4.
The friction between the piezocone penetrometer and soil was considered using 
the constraint approach (Katona, 1983). The soil-penetrometer interface friction can 
or can not be included in the analyses. When the interface friction is neglected, the 
nodes along the inclined conical surface and the shafr o f the piezocone are allowed to 
slide along the boundary from the beginning of the first incremental penetration. 
When the interface friction is included, the nodes along the inclined conical surface 
and the shaft o f the piezocone are first prevented from sliding along the surface until 
sliding potential occurs. Once the sliding potential occurs, sliding o f the nodes 
along the boundary is allowed. The sliding potential is reached when the friction 
forces o f the nodes exceed the allowable friction forces. In figure 3.4, the change o f 
boimdary conditions is explained more specifically. When tensile stresses occur in 
the node at location (1), the node is released as indicated by location (2) and allowed 
to move freely. When the interface friction is neglected, once the free node at 
location (2) reaches the cone tip boundary, its movement is restricted along the skew 
surface as indicated by location (3). When the interface friction is included, the 
nodes are first fixed and are allowed to move vertically and incrementally until the 
sliding potential is reached, then they are allowed to slide along the surface. When 
the horizontal coordinate of the nodes at location (3) exceeds the radius of the 
piezocone penetrometer, these nodes are released to location (4) imtil they return to
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the boundary of the shaft. Then they are restricted again from further movement in 
the horizontal direction as shown at location (5). During the incremental penetration, 
the nodes along the boundary are continuously checked and their boundary 
conditions are appropriately adjusted. A new boundary condition is assumed for the 
new load increment based on the previous boundary condition. The validity of the 
assumed trial boundary condition is tested prior to the next loading increment. 
Figure 3.5 shows the finite element mesh used for the analysis o f piezocone 
penetration.
(5)
Position (n) Position (n+1)
Figure 3.4 Incremental Penetration of the piezocone penetrometer 
(Voyiadjis and Abu-Farsakh, 1997)
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Figure 3.5 Finite element mesh for piezocone penetration
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CHAPTER 4
EXPERIMENTAL EQUIPMENT AND PROCEDURE OF 
PIEZOCONE PENETRATION TEST
4.1 Introduction
This chapter describes the experimental equipment and procedure o f PCPT 
(Piezocone Penetration Test) using LSU/CALCHAS (Louisiana State University 
Calibration Chamber System) and the Slurry Consolidometer (Tumay and De Lima, 
1992; Kurup, 1993; Kurup, et al., 1994a; Voyiadjis, et al., 1993). Ten penetration 
tests were conducted using the miniature piezocone at the penetration rates 0.3 
cm/sec and 0.6 cm/sec. The details on the piezocone penetration tests are described 
in section 4.2 and the results are presented in chapter 5 together with the results of 
the numerical simulations.
Calibration chamber test is performed to calibrate in-situ testing devices. In a 
calibration chamber test, the homogeneous, reproducible, and instrumented soil 
specimen can be prepared with a known stress history. Therefore, various 
parametric studies can be performed under well-controlled boundary conditions. 
The facts stated above present definite advantages of the calibration chamber test in 
the laboratory over in-situ testing.
The first flexibie-wall calibration chamber was designed by the Country Roads 
Boards, Australia (Holden, 1971). The chamber could hold the specimen 0.76 m in 
diameter and 0.91 m in height, and it had a double wall cylinder to control the 
boundary conditions.
117
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After the CRB chamber, many calibration chambers have been designed and 
used, such as the chamber at University o f Florida (Holden, 1971), the chamber at 
Monash University, Australia (Chapman, 1974), the NGI chamber by the Norwegian 
Geotechnical Institute, and the chamber at North Carolina State University (Seligh, 
1975).
The above calibration chambers have been used mainly for cohesionless soils. 
The calibration chamber test for cohesive soils has the difficulties in the 
instrumentation for measuring pore water pressure, the saturation, and the 
preparation o f large soil specimens. It is extremely time consuming and laborious 
process. So, the calibration chamber tests for large cohesive specimens are very 
few.
The first calibration chamber test for cohesive soils was developed at Purdue 
University (Huang, 1986). The small specimens 0.203 m in diameter and 0.337 m 
in height were used. The calibration chamber at University o f Clarkson could test 
cohesive soil specimen 0.525 m in diameter and 0.812 m high. Large size deposits 
of cohesive soil specimen 1.4 m in diameter and 2.1 m  high have been prepared at 
Cornell University for model test o f drilled shafts (McManus and Kulhawy, 1991). 
The chamber at University o f Sheffield, U.K. had single wall, so it could not 
simulate Ko condition (Anderson, et al., 1991).
The computer-controlled LSU/CALCHAS (Louisiana State University 
Calibration Chamber System) was originally designed by Tumay and de Lima 
(1992). It has a double-walled flexible calibration chamber to monitor all four
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boundary conditions (B l, B2, B3, and B4 ; see section 4.2.2) including Ko condition. 
The slurry consolidometer was developed by Kurup (1993) and Kurup, et al. (1994a) 
to prepare large cohesive specimens, and some modifications and additions such as 
data acquisition/control software and back pressure system were made to the 
LSU/CALCHAS for the testing of large cohesive specimens (Kurup, 1993; Kurup, et 
al., 1994a).
The procedure o f the piezocone penetration test is as the following. First, the 
dry soil sample is mixed with water and the soil slurry is placed in the 
consolidometer. After the slurry consolidation in the consolidometer, the soil 
specimen is moved into the calibration chamber. The piezocone penetration test is 
conducted after reconsolidation in the calibration chamber.
The details regarding the piezocone penetration test are given in section 4.2 and 
the results are presented in chapter 5 together with the results o f the numerical 
simulations.
4.2 Experimental Equipment and Procedure of Piezocone 
Penetration Test
4.2.1 Slurry Consolidation in Slurry Consolidometer
Soil slurry was prepared by mixing dry soil sample and deionized water at a 
water content o f twice the liquid limit using a heavy duty chemical mixer (figure 
4.1). This water content has been found to be appropriate to minimize air 
entrapment in the slurry during mixing and placement in the consolidometer (Kurup, 
1993).
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Figure 4.1 Soil slurry mixing
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A mixture of 33% kaolin and 67% fine sand by dry weight was used to prepare the 
K33 soil specimen. The grain size distributions o f the kaolin, the fine sand, and the 
mixture are shown in figure 4.2, and the atterberg limits o f the mixture are shown in 
table 4.1.
Before pouring the soil slurry into the consolidometer, a 1.59 mm thick rubber 
membrane was placed inside the consolidometer to confine the specimen and the 
ducts were instrumented to measure the pore water pressure at appropriate heights 
and locations. Figure 4.3 through figure 4.5 show the pore water pressure ducts and 
the membrane. The soil slurry was placed very carefully inside the consolidometer, 
so that air bubbles might not be included in the slurry and the pore water pressure 
ducts instrumented inside the consolidometer is kept saturated.
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100 % Sand 
0 % Kaolin
1 0.1 0.01 0.001
grain size (mm)
Figure 4.2 Grain size distribution (Kurup, 1993)
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Figure 4.3 Lower tube with membrane and pore water pressure ducts
5^- ■ •
Figure 4.4 Base plate with pore water pressure ducts
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Figure 4.5 Bottom of base plate with pore water pressure transducers
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A consolidation stress of 206.85 kPa was applied to the soil slurry. This 
vertical stress was selected to consider the rigid boundary effect o f the slurry 
consolidometer and to obtain an initial soil specimen of sufficient strength for self­
standing. After the consolidation in the slurry consolidometer, the specimen was 
transferred into the calibration chamber for reconsolidation. A higher consolidation 
stress was applied to the specimen in the calibration chamber. Table 4.2 shows the 
stress conditions for reconsolidation and piezocone penetration test. This technique 
is known to produce cohesive soil specimens of very high quality (Krizek and 
Sheeran, 1970; Huang, et al., 1988). The change of pore water pressure during the 
consolidation in the consolidometer could be monitored from the ducts and the data 
acquisition system. Figure 4.6 shows the consolidation in the slurry consolidometer 
and figure 4.7 shows the schematic o f the slurry consolidometer system.












1 ul 262.01 110.04 0.42 1 0.3
2 ul 262.01 110.04 0.42 1 0.3
3 u2 262.01 110.04 0.42 1 0.3
4 u2 262.01 110.04 0.42 1 0.3
5 ul 262.01 110.04 0.42 1 0.6
6 ul 262.01 110.04 0.42 1 0.6
7 u2 262.01 110.04 0.42 1 0.6
8 u2 262.01 110.04 0.42 1 0.6
9 u2 26.20 41.40 1.58 10 0.6
10 ul 26.20 41.40 1.58 10 0.6
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Figure 4.6 Consolidation in the slurry consolidometer
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Figure 4.7 Schematic of slurry consolidometer system (Kurup, 1993)
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The sluny consolidometer was designed and fabricated to consolidate 
specimen up to a maximum vertical stress o f 552 kPa. by Kurup (1993) and Kurup, 
et al. (1994a). The slurry consolidometer is composed o f two PVC tubes. Each 
tube is 525 mm in inside diameter, 15 mm thick, and 812 mm in height. The lower 
tube is split longitudinally into two halves which are held together by a metal frame 
to minimize disturbance o f the soil specimen while transferring it into the calibration 
chamber. The upper tube serves as an additional storage compartment for the high 
water content slurry during the initial stage of consolidation. Seven pore water 
pressure ducts, whose tips are located at various radial distances and at two different 
elevations, were instrumented inside the consolidometer. They were connected to 
individual pressure transducers through the base plate (figure 4.5 to figure 4.7). 
The stainless steel hypodermic tube o f the duct is 1.2 mm in inside diameter and 0.23 
mm thick. The tip of the duct was sealed with porous plastic filter material against 
the clogging of the tube. The ducts were saturated by flushing with deaired water 
and assembled with the pressure transducer in a  tub o f deaired water (figure 4.8). 
The tips o f the ducts were immersed in deaired water and subjected to vacuum in the 
Nold DeAerator to ensure the saturation.
The loading system for slurry consolidation consists o f a hydraulic cylinder 
jack powered by an air hydraulic pump and an aluminum piston plate with a steel 
piston rod and holes for drainage and back pressure. The pump has an automatic 
pressure make-up feature, so it keeps the stress constant through the consolidation
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Figure 4.8 Pore water pressure ducts and transducers
phase. The load from the push jack is transferred to the soil through the piston rod 
and the piston plate.
4.2.2 Reconsoiidation in Calibration Chamber
After the consolidation in the slurry consolidometer, the upper tube o f the 
consolidometer was removed and the top surface o f the specimen was trimmed at a 
appropriate height (figure 4.9). Then, the specimen was transferred into the 
calibration chamber using an overhead crane (figure 4.10 and figure 4.11). The lower 
tube o f the slurry consolidometer was removed carefully not to disturb the specimen, 
and the inner shell and the outer shell o f the calibration chamber were placed through 
the specimen (figure 4.12). After that, the reconsolidation o f the specimen was




Figure 4.9 Specimen in consolidometer after slurry consolidation
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Figure 4.10 Transferring specimen into calibration chamber
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
132
Figure 4.11 Specimen in lower tube on piston cell
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Figure 4.12 Specimen in inner and outer shells of calibration chamber
performed using LSU/CALCHAS. The specimen was subjected to the effective 
vertical stress o f 262.01 kPa under Ko condition. The value o f Ko was recorded 
0.42 for normally consolidated specimen and 1.58 for heavily over consolidated 
specimen (OCR=10) at the end of reconsolidation. Figure 4.13 and figure 4.14 
show the LSU/CALCHAS.
LSU/CALCHAS (Louisiana State University Calibration Chamber System) 
was designed by de Lima (1990), de Lima and Tumay (1991), and Tumay and de 
Lima (1992). It consists o f a flexible double wall chamber which makes Ko 
condition possible, a piston cell, control panel, back pressure system, and data 
acquisition/control software.
























Figure 4.14 Schematic o f flexible double wall calibration chamber (Kurup, 1993)
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The internal diameters o f the inner and outer shells o f the flexible double wall 
chamber are 560 mm and 580 mm, respectively (figure 4.12 and figure 4.14). The 
two cylindrical shells are 6.35 mm thick and were made of stainless steel. Deaired 
water was filled between the specimen and the inner shell and between the inner 
shell and the outer shell. The lateral stress was applied to the specimen fi-om the 
double wall chamber. The double wall chamber can hold the specimen 525 mm in 
diameter and 815 mm high. The top lid made o f aluminum has holes for penetration 
test in addition to the holes for drainage. These holes were sealed by adapters 
during reconsolidation. A back pressure system was added to LSU/CALCHAS to 
ensure the saturation of the specimen (Kurup, 1993). The piston cell (figure 4.11, 
figure 4.13, and figure 4.14) is also a double walled cylinder. It is 430 mm high, 
525 mm in diameter, and was made of stainless steel. The inner cell was kept fi-ee 
for instrumentation, and the outer cell between the two shells and the grooves at the 
bottom of the piston plate were filled with deaired water. The piston was raised to 
apply the vertical stress to the specimen by pressurizing the water in the piston cell.
The control panel controls the vertical and lateral stresses independently. The 
lateral double wall chamber and the piston cell can be pressurized using the 
pneumatic transducers by digital to analog signals sent fi’om a personal computer 
through a data acquisition board. The control panel also has pressure regulators for 
manual control o f the stresses.
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The change o f pore water pressure can be monitored from the data acquisition 
system and the pore water pressure ducts instrumented at the beginning of the 
experiment.
Using the equipment described above, LSU/CALCHAS can simulate the 
boundary conditions as the following :
BC1 : constant vertical stress and constant lateral stress 
BC2 : zero vertical strain and zero lateral strain 
BC3 : constant vertical stress and zero lateral strain 
BC4 : zero vertical strain and constant lateral stress 
In this research, BC3 was used to simulate Ko condition.
4,23  Miniature Piezocone Penetration Test
After the reconsolidation in the calibration chamber, the miniature piezocone 
was saturated, then penetration tests and subsequent dissipation tests were conducted 
using the hydraulic and chucking system at the rates o f 0.3 cm/sec and 0.6 cm/sec. 
Cone tip resistance, sleeve friction, pore water pressure at U1 and U2 configuration 
as stated in table 4.2 during penetration test, and the change of pore water pressure 
during dissipation test were measured fr-om the data acquisition system. In addition 
to the normal data acquisition system, an oscilloscope was used to measure the 
immediate and very rapid change o f pore water pressure when the penetration 
stopped for dissipation test. The results o f miniature piezocone penetration tests and 
dissipation tests are presented in chapter 5 together with the results o f the numerical 
simulation.
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Preparing a cohesive specimen using LSU/CALCHAS is extremely time 
consuming and laborious, so one specimen was prepared. Eight piezocone 
penetration tests were conducted using the normally consolidated specimen. After 
the penetration tests, all pressures were carefully released and the specimen was 
consolidated again to simulate heavily overconsolidated state (OCR=10). Then two 
additional piezocone penetration tests were conducted. Both consolidations for the 
normally consolidated state and for the heavily overconsolidated state were 
performed under Ko condition. The values of Ko were recorded 0.42 for normally 
consolidated specimen and 1.58 for heavily over consolidated specimen at the end of 
reconsolidation phase in the calibration chamber. Table 4.2 shows the piezocone 
penetration test program.
The miniature piezocone penetrometer fabricated by Fugro B.V., the 
Netherlands, on loan to Professor Mehmet T. Tumay, was used for the tests. It has a 
projected cone area of 100 mm", a cone apex angle o f 60°, a friction sleeve area of 
1526 mm", and a slope sensor. The maximum load capacity is 9 kN. Figure 4.15 
shows the schematic of the miniature piezocone penetrometer. The miniature 
piezocone penetrometer has two alternatives for the filter location. The filter can be 
located at the very cone tip (U1 configuration, figure 4.16) or at 1 mm above the 
base o f the cone (U2 configuration, figure 4.17).






























1.5mm 11.3 mm 0
9.8mm
DESCRIPTIONS
1 CONE TIP W1
2 SPACER Wt
3 FILTER Wl








10 D -R IN C
I t QUAD RING
13mm
U2 CONFIGURATION
Figure 4 .15 Schematic o f miniature piezocone penetrometer 




Figure 4.16 U l configuration
Filter Element
Figure 4.17 U2 configuration
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The saturation o f the filter elements and the transducer cavity is a  very 
important step to avoid a slow and sluggish pore water pressure response during the 
penetration and dissipation tests. Therefore, the multi-stage deairing technique was 
used in this research. The filter elements were first boiled in water and cleaned 
using ultra-sonic cleaner, and then saturated by applying vacuum in the Nold 
De Aerator (Juran and Tumay, 1989). The transducer cavity was flushed with 
deaired water in a funnel o f deaired water using a syringe (figure 4.18). Then the 
saturated filter elements and the cone tip were assembled in the funnel o f deaired 
water. Finally, the assembled piezocone was once again subjected to vacuum in the 
Nold DeAerator (figure 4.19).
The hydraulic system was mounted on the calibration chamber and the 
penetration and extraction of the piezocone in a single stroke o f maximum 640 mm 
were conducted. It consists o f a dual piston and a double acting hydraulic jack 
mounted on a collapsible firame (figure 4.20). The push jack is equipped with a 
chucking system to grab the piezocone during penetration and extraction (figure
4.21). The penetration depth is measured using the depth decoding system (figure
4.22). As the cone advances, the disk turns mechanically and the electric analog is 
converted to the digital signal, and the depth is recorded by the data acquisition 
software. All data during the test were recorded using the data acquisition system 
(figure 4.23). As a special feature, an oscilloscope was used to measure the 
immediate rapid change of pore water pressure when the penetration stopped for
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dissipation test. Details regarding PCPT using LSU/CALCHAS are also described 
in de Lima (1990), Kurup (1993), and Lim (1999).
Figure 4.18 Flushing transducer cavity for piezocone saturation
Figure 4.19 Vacuum saturation in Nold DeAerator
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■
Figure 4.20 Hydraulic system mounted on calibration chamber
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Figure 4.21 Hydraulic push jack for penetration test
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Figure 4.22 Depth decoding system
Figure 4.23 Data acquisition system
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTERS
RESULTS OF NUMERICAL SIMULATION AND EXPERIMENT 
OF PIEZOCONE PENETRATION TEST
5.1 Introduction
In this chapter, the results o f numerical simulations o f piezocone penetration 
and subsequent dissipation tests described in c h u te r  3 are compared with the results 
o f the experiments of PCPT described in chapter 4.
The compared items are cone resistance profiles during penetration tests, 
excess pore water pressure profiles during penetration tests, and the changes of 
excess pore water pressures during dissipation tests. The comparisons are made in 
section 5.2 through section 5.4. The contours o f stresses, excess pore water 
pressures, and strains, which were obtained fi'om the numerical analyses, are 
presented in section 5.5 to section 5.7. Sleeve fiiction profiles are presented in 
section 5.8. Sleeve fiiction profiles were obtained only fi’om the penetration tests 
since the numerical simulations were conducted to the penetration depth of 
maximum 40 mm to avoid tremendous numerical errors. In section 5.9, grain size 
distributions are presented. Sieve analyses and hydrometer tests were performed 
using the samples obtained at certain radial distances from the penetration hole afrer 
penetration test (see section 5.9).
As shown in the miniature piezocone penetration test program (table 4.2), the 
penetration test no.2, no.4, no.6, and no.8 are the replications o f the penetration test 
no.l, no3, no.5, and no.7, respectively. The replications have been conducted to
146
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
147
confirm the reliability o f the test results. The maximum difference between the 
results o f the tests and the results o f the replications were less than 9 %, so only the 
averages are presented and compared with the results o f  the numerical simulations. 
The averages o f penetration test no.l and no.2 are expressed as 0.3 cm/sec (U l, NC), 
which means the penetration test conducted using Ul configuration piezocone and 
normally consolidated sample at the penetration rate o f 0.3 cm/sec. Similarly, the 
averages o f  the penetration test no.3 and no.4, no.5 and no.6, and no.7 and no.8 are 
expressed as 0.3 cm/sec (U2, NC), 0.6 cm/sec (U l, NC), and 0.6 cm/sec (U2, NC), 
respectively. The 0.6 cm/sec (U2, OCR=10) indicates the penetration test no.9. 
The 0.6 cm/sec (U l, OCR=10) means the test no. 10. The U l configuration is the 
piezocone with the filter element located at the cone tip and the U2 configuration has 
the filter element 1mm above the cone base as described in section 4.2.3.
Test no.9 and test no. 10 have been conducted at the same location. Test no.9 
(0.6 cm/sec, U2, OCR=10) has been conducted to the penetration depth o f 220 mm. 
After the dissipation test o f test no.9, the penetration test of test no. 10 (0.6 cm/sec, 
U l, OCR=10) was performed from 0 mm depth to 580 mm depth at the same 
location. So, the profile from 0 mm to 220 mm of test no. 10 (dotted line portion of 
0.6 cm/sec, U l, OCR=10 in figure 5.2, figure 5.6, and figure 5.24) has no practical 
relevance and the profile below the depth o f 220 mm (real line portion of 0.6 cm/sec, 
U l, OCR=10 in figure 5.2, figure 5.6, and figure 5.24) was used.
To simulate a real testing situation correctly, it is very important to input 
correct data. The data for input should reflect the real testing situation and be
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obtained from the laboratory tests conducted using the same specimens and under the 
conditions very close to the real situation. In this research, the isotropic/anisotropic 
triaxial tests and oedometer tests (section 2.3) were conducted to obtain the correct 
input data for the simulations o f PCPT (section 4.2). The K33 specimen (33% 
kaolin and 67% fine sand) prepared through the slurry consolidometer technique was 
used both for the laboratory tests and PCPT as described in section 2.3.3 and section 
4.2. The details o f the laboratory tests and PCPT have been presented in the triaxial 
test program (table 2.2), the oedometer test program (table 2.3), the procedure o f  
preparing the specimens (section 2.3.3 and section 4.2), and the penetration test 
program (table 4.2). The model parameter values (table 2.7 and table 2.11) obtained 
fi'om triaxial test no.4, no.8, and oedometer test no.2 were used as the input data for 
the simulations o f the penetration test no. 1 to no.8. Similarly, the model parameter 
values in table 2.10 and table 2.12 were used for the simulations o f the penetration 
test no.9 and no. 10.
5.2 Cone Resistance Profiles
The cone resistance was expressed as the corrected cone resistance, qr, and 
back pressure, u .̂ As shown in figure 5.1, the corrected cone resistance was 
obtained fi'om the measured cone resistance and the pore water pressure measured 
behind the cone tip (Tumay and Acar, 1985; Kurup, 1993). The area ratio (A.) of the 
miniature piezocone used in this research was 0.62. Figure 5.2 shows the cone 
resistance profiles fiom the piezocone penetration tests and figure 5.3 to figure 5.5
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Figure 5.1 Correction of cone resistance for unequal end area effects
(Kurup, 1993)
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Figure 5.2 Cone resistance (qj - Uq) profiles o f PCPT
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Figure 5.3 Cone resistance(qT-Uo) profiles o f NC specimens at 0.3 cm/sec
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Figure 5.4 Cone resistance(qT-Uo) profiles o f NC specimens at 0.6 cm/sec
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Figure 5.5 Cone resistance(qT>Uo) profiles of OCR=10 specimens at 0.6 cm/sec
show the comparisons of the results of the numerical analyses with those from 
PCPT.
As shown in figure 5.2, the steady values of cone resistances for 0.6 cm/sec 
(Ul, NC) and 0.6 cm/sec (U2, NC) were almost same (1.23 MPa), and the 
corresponding penetration depths were also almost same (140 mm). The steady 
values o f  cone resistance both for 0.3 cm/sec (U l, NC) and for 0.3 cm/sec (U2, NC) 
were 1.12 MPa, and the corresponding depths were 105 mm. Accordingly, it can be 
said that the steady value o f cone resistance and the corresponding depth are equal 
regardless o f the location of filter element, i.e., Ul or U2 configuration. It is 
because the cone resistances were corrected using the pore water pressure measured 
behind the cone tip. With respect to the test of 0.6 cm/sec (U l, OCR=10), as
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explained in section 5.1, the profile of the repenetration region (dotted line portion o f 
0.6 cm/sec ,U1, OCR=10 in figure 5.2, i.e., fi’om 0 mm to 220 mm) has no relevance, 
and the profile below the depth o f 220 mm (real line portion o f 0.6 cm/sec, U l, 
OCR=10 in figure 5.2) was used. The steady values o f  cone resistances for 0.6 
cm/sec (U l, OCR=10) and 0.6 cm/sec (U2, OCR=10) were 1.11 MPa and 1.04 MPa, 
respectively.
By comparing the steady values o f 0.3 cm/sec (U l and U2, NC) with those o f 
0.6 (Ul and U l, NC), the penetration rate effects on cone resistance can be shown. 
The penetration tests were conducted under the same stress conditions, and only the 
penetration rates were different. It has been found that the cone resistances at higher 
penetration rate were larger than those at lower rate. In this research, more 
specifically, the steady value of cone resistance at 0.3 cm/sec increased by 10 % with 
100 % increase in penetration rate both for U l and U2 configurations.
When the confining stresses decreased, keeping the other conditions 
unchanged, namely, comparing the cone resistances o f 0.6 cm/sec (Ul and U2, NC) 
with those o f 0.6 cm/sec (Ul and U2, OCR=10), the steady value o f cone resistance 
decreased to 13% with the increase of OCR fiom 1 to 10.
In figure 5.2, it is also shown that the peak values o f  cone resistance have the 
same trends as the steady values with respect to the changes o f penetration rate and 
OCR.
Figure 5.3 through figure 5.5 show the results o f finite element analyses 
together with experimental results already presented in figure 5.2. In finite element
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analyses, cone resistances o f U l and U2 configurations are not differentiable. Pore 
water pressures, on the other hand, are differentiable and they are presented in the 
following section.
As shown in figure 5.3 to figure 5.5, in all cases, the steady values fi’om finite 
element analyses were very close to those obtained experimentally.
The cone resistances computed numerically reached the steady state conditions 
at the depth o f 30 mm, that is shallower than that o f experimental data, as shown in 
figure 5.3 to figure 5.5. This disagreement is due to the peak regions, that occurred 
before the steady state, of the experimental data. These peak regions can be thought 
as the influence o f the thin sand layer at the top of the specimen and occur to initiate 
the penetrations. Without the peak regions, the results of finite element analyses 
would have been much closer to the experimental data. Therefore, the simulation of 
the peak region needs fiirther future research. However, the finite element analysis 
used in this research still shows better results, both for the cone resistance value at 
steady state and for the corresponding depth, than the previous numerical analyses 
found in literature. The use o f  the anisotropic elastoplastic-viscoplastic soil model 
is the reason for this better compliance.
5.3 Excess Pore Water Pressure Profiles
Figure 5.6 shows the excess pore water pressure profiles of the piezocone 
penetration tests and figure 5.7 to figure 5.9 show the comparisons o f the results of 
the numerical analyses with the experimental results.
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Figure 5.6 Excess pore water pressure profiles of PCPT
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Figure 5.7 Excess p.w.p. profiles o f NC specimens at 0.3 cm/sec
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Figure 5.8 Excess p.w.p. profiles o f NC specimens at 0.6 cm/sec
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Figure 5.9 Excess p.w.p. profiles o f OCR==10 specimens at 0.6 cm/sec
As shown in figure 5.6, the steady values o f excess pore water pressures for 0.6 
cm/sec (U l, NC), 0.6 cm/sec (U2, NC), 0.3 cm/sec (U l, NC), 0.3 cm/sec (U2, NC), 
0.6 cm/sec (U l, OCR=10), and 0.6 cm/sec (U2,OCR=10) were 0.086 MPa, 0.081 
MPa, 0.067 MPa, 0.064 MPa, 0.063Mpa, and 0.053 MPa, respectively.
The profile o f  the repenetration region (dotted line portion o f 0.6 cm/sec, U l, 
OCR=10 in figure 5.6, from 0 mm to 220 mm) has no practical relevance, as 
explained in section 5.1, so the profile below the depth o f 220 mm (real line portion 
of 0.6 cm/sec, U l, OCR=10 in figure 5.6) was used.
In all cases tested under the same stress condition (NC or OCR=10) and at the 
same penetration rate (0.3 cm/sec or 0.6 cm/sec), it was clearly observed that the 
excess pore water pressures measured at the cone tip (Ul configuration) were greater
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than those measured above the cone base (U2 configuration) unlike in the cone 
resistance profiles. This can be explained by that the soil below the cone tip is 
subjected to predominantly normal stress, on the other hand, the soil above the cone 
base mainly experiences shear stress, so even negative excess pore water pressures 
are often recorded Just above the cone base for stiff overconsolidated clays (Tumay, 
et al., 1982; Kurup, 1993; Kurup, et ai., 1994a). In this research, negative pore 
water pressures have not been measured even for the cases o f OCR=10, which is 
most probably because the lower penetration rates than the standard penetration rate 
(2 cm/sec) were applied to the penetration tests.
The differences between the excess pore water pressures o f U l configurations 
and those o f U2 configuration for 0.3 cm/sec (NC), 0.6 cm/sec (NC), and 0.6 cm/sec 
(OCR=10) were 4.5 %, 5.8 %, and 15.9 %, respectively. So, it can be said that the 
difference o f the excess pore water pressures between Ul and U2 configurations 
increases with the increase o f penetration rate and it also increases with the increase 
of OCR.
By comparing the excess pore water pressures for 0.3 cm/sec (Ul or U2, NC) 
with those for 0.6 cm/sec (Ul or U2, NC), the penetration rate effects on excess pore 
water pressure can be found. With respect to Ul configuration, 22 % increase o f 
excess pore water pressure has been found with the increase of penetration rate from 
0.3 cm/sec to 0.6 cm/sec. With respect to U2 configuration, 21 % increase of excess 
pore water pressure has been found with the increase of penetration rate firom 0.3 
cm/sec to 0.6 cm/sec. This means that excess pore water pressures measured both at
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the cone tip and above the cone base increase with the increase o f penetration rate at 
a very similar rate.
The effects o f OCR on excess pore water pressure can be shown by comparing 
the results o f 0.6 cm/sec (Ul and U2, NC) with those o f 0.6 cm/sec (Ul and U2, 
OCR=10). The 27 % and 33 % decreases of excess pore water pressures have been 
found with the increase of OCR from 1 to 10 for U l and U2 configurations, 
respectively, which means the decrease of excess pore water pressure in U2 
configuration is greater that that in Ul configuration with the increase o f OCR.
Figure 5.7 to 5.9 show the results of finite element analyses together with 
experimental results already presented in figure 5.6. With respect to excess pore 
water pressure, U l and U2 configurations should be differentiated in finite element 
analyses as well as in experimental results.
As shown in figure 5.7 to 5.9, the steady values o f excess pore water pressures 
computed numerically were quite close to those obtained experimentally.
The excess pore water pressures obtained from finite element analyses reached 
the steady state conditions at the depth of 30 mm, that is shallower than that of 
experimental data. This behavior in excess pore water pressure profiles is similar to 
that in cone resistance profiles. This disagreement is due to the peak regions o f the 
experimental results, which are the influence of the thin sand layer at the top o f  the 
specimen and are needed to initiate penetrations. Like in the cone resistance 
profiles, without these peak regions, the results o f finite element analyses would
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have been much closer to the experimental data. However, the current finite 
element analyses gave better results than the other numerical analyses have shown.
It is interesting to note that negative pore water pressures were likely to 
develop above the cone base at the early stage of the penetration. It is due to the 
soil-piezocone separation near the cone base, so an appropriate simulation of the 
peak region and the separation is needed in future research.
5.4 Dissipation of Excess Pore Water Pressure
Figure 5.10 shows the dissipations o f the excess pore water pressures. These 
experimental data have been obtained from the dissipation tests which were 
subsequently conducted after the penetration tests as described in section 4.2. The 
excess pore water pressures were normalized by their initial excess pore water 
pressures, that are the excess pore water pressures when the penetrations stopped for 
the dissipation tests.
As shown in figure 5.10, the dissipations of excess pore water pressures in NC 
cases took longer time than those in OCR=10 cases both for the U l and U2 
confrgurations. However, the biggest difference o f all dissipation curves is their 
initial values. Figure 5.11 shows the initial parts o f the dissipation data measured 
using an oscilloscope as described in section 4.2. These initial drops were higher for 
the pore water pressures measured at the cone tip (Ul configuration) than those 
measured above the cone base (U2 configuration) as shown in figure 5.11. It is due 
to the redistribution o f pore water pressme and the normal stress reduction that
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Figure 5.10 Changes o f  excess pore water pressures o f dissipation tests
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
162














-1 0 2 3 4 5 76 8 9 10
time (sec)
Figure 5.11 Initial parts o f dissipation data 
(measured using oscilloscope)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
163
occurs when the penetration ceases (Kurup, 1993; Kurup, et al., 1994b; Voyiadjis, et 
al., 1994; Tumay, et al., 1995).
It has been also found that the magnitude o f the initial drop increased with the 
increase o f the penetration rate, and that the excess pore water pressure increased, 
a little bit, immediately after the initial drop for the case o f 0.6 cm/sec (U2, 
OCR=10).
In figure 5.12 through figure 5.14, the dissipation results from the experiments 
are compared with the results from finite element analyses.
It is obvious that the numerical results are quite close to the experimental 
results with the exception o f  the initial drops. It was observed that the cases that had 
relatively big initial drops, i.e., 0.6 cm/sec (U1,NC) and 0.6 cm/sec (U1,OCR=10),
^  0.8-j i (pcpt)
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Finite danent anal>sis(U I )
^  Finite danent analysis(U2)
U 2 ( P C P
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Figure 5.12 Excess p.w.p. dissipation of NC specimen (0.3 cm/sec)
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Figure 5.14 Excess p.w.p. dissipation o f  OCR=10 specimens (0.6cm/sec)
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showed disagreements with the experimental data for the initial parts of dissipation 
curves. So, an appropriate simulation for the initial drop is needed for future 
research. But, since the elastoplastic-viscopiastic bounding surface model was used 
in this research as described in chapter 2, the results o f the current finite element 
analyses gave better results than the other numerical analyses.
5.5 Stress Contours
Figure 5.15 to figure 5.17 show the contours of the octahedral shear stresses, 
that have been obtained from the finite element analyses, around the piezocone 
penetrometer at the penetration depth o f 30 mm for 0.3 cm/sec (U l and U2, NC), 0.6 
cm/sec (Ul and U2, NC), and 0.6 cm/sec (Ul and U2, OCR=10), respectively. In 
figure 5.15 to figure 5.17, the vertical and radial distances were normalized by the 
radius o f the piezocone penetrometer, r .̂
For 0.3 cm/sec (Ul and U2, NC), the maximum octahedral shear stress was 122 
kPa and it was concentrated both on the lower and the upper portions of the conical 
face. For 0.6 cm/sec (Ul and U2, NC) and 0.6 cm/sec (Ul and U2, OCR=10), the 
maximum octahedral shear stresses were 153 kPa and 121 kPa, respectively, and 
they were also concentrated both on the lower and the upper portions of the conical 
face.
As shown in figure 5.15 to figure 5.17, the magnitude o f the octahedral shear 
stress and the affected zone increased, as expected, with the increase of penetration 
rate, but they decreased with the increase of OCR.
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Figure 5.15 Octahedral shear stress contour at 30 mm penetration depth 
(NC specimen at 0.3 cm/sec penetration rate)
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Figure 5.16 Octahedral shear stress contour at 30 mm penetration depth 
(NC specimen at 0.6 cm/sec penetration rate)
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Figure 5.17 Octahedral shear stress contour at 30 mm penetration depth 
(OCR=10 specimen at 0.6 cm/sec penetration rate)
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It has been also found that the octahedral shear stresses changed very rapidly above 
the cone base for all cases, and the affected shearing zone for the overconsolidated 
case, 0.6 cm/sec (U l and U2, OCR=10), was localized in a smaller zone than that for 
the normally consolidated case, 0.6 cm/sec (Ul and U2, NC).
5.6 Excess Pore Water Pressure Contours
The contours o f  the excess pore water pressures developed around the 
piezocone penetrometer at the penetration depth o f 30 mm are presented in figure 
5.18 to figure 5.20 for 0.3 cm/sec (Ul and U2, NC), 0.6 cm/sec (Ul and U2, NC), 
and 0.6 cm/sec (U l and U2, OCR=10), respectively. The contours have been 
obtained from the finite element analyses.
In figure 5.18 to figure 5.20, it has been observed that the shapes and the trends 
of the excess pore water pressure contours with respect to the penetration rate and 
the value o f OCR were very similar to those o f the octahedral shear stress contours.
The maximum excess pore water pressures were 131 kPa for 0.3 cm/sec (Ul 
and U2, NC), 168 kPa for 0.6 cm/sec (Ul and U2, NC), and 124 kPa for 0.6 cm/sec 
(Ul and U2, OCR=10). Like in the contours of the octahedral shear stresses, the 
excess pore water pressures were concentrated both on the lower and the upper 
portions of the conical face for 0.3 cm/sec (Ul and U2, NC), 0.6 cm/sec (Ul and U2, 
NC), and 0.6 cm/sec (U l and U2, OCR=10).
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Figure 5.18 Excess pore water pressure contour at 30 mm penetration depth 
(NC specimen at 0.3 cm/sec penetration rate)
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Figure 5.19 Excess pore water pressure contour at 30 mm penetration depth 
(NC specimen at 0.6 cm/sec penetration rate)
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Figure 5.20 Excess pore water pressure contour at 30 mm penetration depth 
(OCR=10 specimen at 0.6 cm/sec penetration rate)
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It can be said, as shown in figure 5.18 to figure 5.20, that the magnitude of the 
excess pore water pressure and the affected zone increased with the increase of 
penetration rate, but they decreased with the increase o f OCR.
The excess pore water pressures at the cone tip (U l) and above the cone base 
(U2) were quite different, and the excess pore water pressure above the cone base 
changed very rapidly for all cases, which produced a large pore pressure gradient. 
So, the location of the filter element for measuring excess pore water pressure needs 
to be emphasized again.
It has been also found that the affected shearing zone for the overconsolidated 
case, 0.6 cm/sec (Ul and U2, OCR=10), was localized in a smaller zone than that for 
the normally consolidated case, 0.6 cm/sec (Ul and U2, NC).
5.7 Strain Contours
Figure 5.21 to figure 5.23 show the contours of the octahedral shear strains 
around the piezocone penetrometer at the penetration depth of 30 mm for 0.3 cm/sec 
(Ul and U2, NC), 0.6 cm/sec (Ul and U2, NC), and 0.6 cm/sec (U l and U2, 
OCR=10), respectively. The contours in figure 5.21 to figure 5.23 have been 
obtained from the finite element analyses, and the vertical and radial distances were 
normalized by the radius o f  the piezocone penetrometer, ro.
Like the contours o f the excess pore water pressures, the shapes and the trends 
o f the octahedral shear strain contours with respect to the penetration rate and the 
value o f OCR were very similar to those o f the octahedral shear stress contours.
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Figure 5.21 Octahedral shear strain contour at 30 mm penetration depth 
(NC specimen at 0.3 cm/sec penetration rate)
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Figure 5.22 Octahedral shear strain contour at 30 mm penetration depth 
(NC specimen at 0.6 cm/sec penetration rate)
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Figure 5.23 Octahedral shear strain contour at 30 mm penetration depth 
(OCR=10 specimen at 0.6 cm/sec penetration rate)
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For 0.3 cm/sec (Ul and U2, NC), the maximum octahedral shear strain was 91 
% and it was concentrated both on the lower and the upper portions o f the conical 
face. For 0.6 cm/sec (Ul and U2, NC) and 0.6 cm/sec (U l and U2, OCR=10), the 
maximum octahedral shear strains were 114 % and 88 %, respectively, and they were 
also concentrated both on the lower and the upper portions o f the conical face.
The calculated strains were quite large. This demonstrates the need of using a 
large deformation finite strain formulation.
As shown in figure 5.21 to figure 5.23, the magnitude of the octahedral shear 
strain and the affected zone increased, as expected, with the increase o f  penetration 
rate, but they decreased with the increase o f OCR.
It has been also found that the octahedral shear strain for the overconsolidated 
case, 0.6 cm/sec (Ul and U2, OCR=10), was localized in a smaller zone than that for 
the normally consolidated case, 0.6 cm/sec (Ul and U2, NC), like in the octahedral 
shear stress and the excess pore water pressure.
5.8 Sleeve Friction Profiles
Figure 5.24 shows the sleeve friction profiles obtained from the penetration 
tests. The length o f the friction sleeve o f the miniature piezocone is 43 mm, as 
shown in figure 4.15, but the finite element analyses o f the piezocone penetration 
have been performed to the depth o f  maximum 40 mm to avoid tremendous 
numerical errors. So, the sleeve friction profiles could not be obtained from the 
finite element analyses. Actually, none o f the numerical research of cone 
penetration has dealt with this “long penetration” problem yet as it is related to
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Figure 5.24 Sleeve friction profiles o f PCPT
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computer capacity as well as the numerical simulation itself. This problem in the 
simulation o f long penetration needs to be resolved in future research. However, the 
current simulation is still meaningful since it obtained the steady states o f the cone 
resistance and the excess pore water pressure, that are the most important results of 
the piezocone penetration test.
As mentioned in section 5.1, the penetration test no.9 and test no. 10 have been 
conducted at the same location. Test no.9 (0.6 cm/sec, U2, OCR=10) has been 
conducted to the penetration depth o f  220 mm. After the dissipation test of test 
no.9, the penetration test no. 10 (0.6 cm/sec, U l, OCR=10) was performed from 0 
mm depth to 580 mm depth at the same location. So, the profile for the repenetration 
region (dotted line portion o f  0.6 cm/sec, U l, OCR=10 in figure 5.24, i.e., from 0 
mm to 220 mm) has no practical relevance and the profile below the depth of 220 
mm (real line portion o f 0.6 cm/sec, U l, OCR=10 in figure 5.24) was used.
In figure 5.24, it was observed that the measured sleeve friction was not as 
stable as the cone resistance and excess pore water pressure. This is probably due to 
the possible clogging o f the junction between the friction sleeve and the body o f the 
cone with soil (Kurup, 1993).
Even though the profiles were not stable, the effects o f penetration rate and 
OCR on sleeve friction were clearly shown in figure 5.24.
The steady values for 0.3 cm/sec (U l, NC), 0.3 cm/sec (U2, NC), 0.6 cm/sec 
(Ul, NC), 0.6 cm/sec (U2, NC), 0.6 cm/sec (Ul, OCR=10), and 0.6 cm/sec (U2,
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OCR=10) could be estimated to be 0.028 MPa, 0.027 MPa, 0.034 MPa, 0.034 MPa, 
0.024 MPa, and 0.020 MPa, respectively.
For all cases, the steady values of U l configurations were quite close to those 
of U2 configurations except for 0.6 cm/sec (OCR=10).
The steady values o f  sleeve frictions increased to 18 %  and 21 % for U l and 
U2 configurations, respectively, with the increase o f the penetration rate from 0.3 
cm/sec to 0.6 cm/sec. The steady values o f 0.6 cm/sec (NC) decreased to 29 % and 
41% for U l and U2 configurations, respectively, with the increase o f OCR from 1 to 
10.
From the facts stated above, it can be said that the sleeve friction increases 
with the increase o f penetration rate, but decreases with the increase o f OCR, like 
cone resistance and excess pore water pressure.
5.9 Grain Size Distributions after Piezocone Penetration
Figure 5.25 shows the grain size distributions of the samples obtained after 
extracting the piezocone penetrometer. The samples were carefully obtained at 
certain radial distances away from the center o f the piezocone penetrometer, and 
sieve analyses and hydrometer tests were performed using these samples. Sample 1, 
sample 2, sample 3, and sample 4 were obtained between D (diameter o f piezocone 
penetrometer) and 3D, between 3D and 5D, between 5D and 7D, and between 7D 
and 9D, respectively, around the penetration hole. In figure 5.24, the mixture (33 %
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Figure 5.25 Grain size distributions before and after PCPT
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kaolin, 67 % fine sand) indicates the original mixture used for the piezocone 
penetration tests.
It was observed that sample 3 and sample 4 had almost same grain size 
distributions as the original mixture, but sample 1 and sample 2 were clearly on the 
left side (coarser) o f the original mixture, which meant sample 1 and sample 2 
contained less clay particles than the original mixture. Also, sample 1 had less clay 
particles than sample 2.
It may be concluded, therefore, that the closer to the piezocone penetrometer 
the sample is, the less clay particles it contains. This can be explained by the fact 
that the clay particles migrate radially from the piezocone penetrometer axis along 
the penetration path since the clay particles are lighter than the sand particles and are 
carried by the water pressure generated in soil pores.
The change o f the grain size distribution during the penetration test may affect 
the results o f the piezocone penetration test, i.e., cone resistance, excess pore water 
pressure, sleeve friction, and especially the results of dissipation tests. However, 
this effect o f the change of grain size distribution have not yet been considered, and 
needs to be studied in future research.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FUTURE RESEARCH
6.1 Summary
In this research, the finite element analyses o f the miniature piezocone 
penetration test and subsequent dissipation test were conducted using the 
elastoplastic-viscoplastic bounding surface model and the large deformation finite 
strain formulation. In addition to the numerical analyses, ten piezocone penetration 
tests and dissipation tests were performed using LSU/CALCHAS. The results of the 
finite element analyses were compared with those of experimental results of the 
penetration and dissipation tests, to describe the effects o f  penetration rate and 
anisotropy on the results of the penetration and dissipation tests.
To simulate the actual piezocone penetration test, the anisotropic elastoplastic- 
viscoplastic bounding surface model (Anandarajah and Dafalias, 1986; Al-Shamrani 
and Sture, 1994) was chosen as a soil model and it was implemented into a 
computer program, ANCALBR8, which was further modified from its isotropic 
version, CALBR8 (Kaliakin, 1992). The model parameter values were determined 
and the model was verified using ANCALBR8 and the experimental data of the 
laboratory tests, i.e., three isotropic and four anisotropic triaxial compression tests, 
two anisotropic triaxial creep tests, and two oedometer tests. The slurry 
consolidometer technique was used to obtain the very homogeneous and undisturbed
183
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specimens with identical stress histories as have been applied to the specimens for 
the piezocone penetration tests.
The coupled theory of mixtures (Prévost, 1980; Kiousis and Voyiadjis, 1985; 
Voyiadjis and Abu-Farsakh, 1997) was used for theoretical formulation with the soil 
model. The Updated Lagrangian formulation was used to consider the large strain 
nature o f the piezocone penetration. The theoretical formulation was implemented 
into a finite element program, EPVPCS-S. The computer program EPVPCS-S was 
developed from GAP/CTM (Abu-Farsakh, 1997) and CS-S (Song, 1999).
Ten miniature piezocone penetration and dissipation tests were conducted 
under Ko condition using LSU/CALCHAS, that was developed by de Lima (1990), 
Tumay and de Lima (1992), Kurup (1993), and Kurup, et al. (1994a). The slurry 
soil specimen (mixture o f 33 %  kaolin and 67 %  fine sand at a water content of twice 
liquid limit) was consolidated, first, at the slurry consolidometer, then it was 
reconsolidated at the calibration chamber. One specimen was prepared and used for 
the penetration and dissipation tests due to the extremely time-consuming and 
laborious process for the preparation o f  large clayey specimens. The penetration 
and dissipation tests were conducted at the penetration rates o f 0.3 cm/sec and 0.6 
cm/sec, using U1 and U2 configurations, and for normally consolidated and 
overconsolidated states, OCR=10.
The experimental results of the piezocone penetration and dissipation tests 
showed very good agreement with the results of the finite element analyses. The 
effects o f penetration rate, OCR, and the location of filter element on the results of
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piezocone penetration and dissipation tests were investigated using the results o f the 
experiments and numerical analyses, which were conducted using an anisotropic 
elastoplastic-viscoplastic soil model.
6.2 Accomplishments and Conclusions
6,2.1 Accomplishments
1 . The anisotropic elastoplastic-viscoplastic bounding surface model was 
successfully implemented into the computer program, ANCALBR8, which was 
written in Fortran 77, and it successfully simulated the triaxial compression test 
and triaxial creep test.
•2. Three isotropic, four anisotropic triaxial compression tests, two anisotropic 
triaxial creep tests, and two oedometer tests were successfully conducted using 
the anisotropic triaxial cell and the slurry consolidometer technique.
3 . The slurry consolidometer technique was proved to be effective in obtaining very 
homogeneous and undisturbed cohesive specimens with known stress history.
4 . The soil model parameter values were successfully determined using 
ANCALBR8 and the experimental data from the laboratory tests.
5 . The model was verified by comparing the experimental data with the results of 
the numerical simulations, that were conducted using ANCALBR8. It was 
observed that the model showed very good agreement with the experimental data 
for all cases, i.e., isotropic, anisotropic, normally consolidated, lightly 
consolidated, and heavily overconsolidated cases both for the triaxial 
compression and triaxial creep loading regimes.
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6 . The anisotropic elastoplastic-viscoplastic bounding surface model was 
formulated in the Updated Lagrangian reference frame to consider the large 
deformation and finite strain nature of the piezocone penetration, and the 
formulated model was successfrilly implemented into the finite element program, 
EPVPCS-S, together with the theory o f mixtures.
7 . Ten miniature piezocone penetration and subsequent dissipation tests were 
successfully conducted using LSU/CALCHAS. Cone resistance, excess pore 
water pressure, and sleeve friction during the penetration test, and the change of 
excess pore water pressure during the dissipation test were measured. A digital 
oscilloscope was used to measure the immediate rapid change of excess pore 
water pressure when the penetration ceased for the dissipation tests. Out o f the 
ten tests, four tests were replications to confirm the reliability of the test data. 
The test data proved to be reliable, i.e., the maximiun difference between the test 
results and the results of the replications were less than 9 %.
8 . The piezocone penetration tests were successfully conducted using U1 and U2 
configurations, at the penetration rates of 0.3 cm/sec and 0.6 cm/sec, and for 
normally consolidated and heavily overconsolidated states, OCR=10.
6.2.2 Conclusions
La. From the penetration tests of 0.3 cm/sec (U1 and U2, NC), 0.6 cm/sec (U1 and 
U2, NC), 0.6 cm/sec (U1 and U2, OCR=10), it was observed that the corrected 
cone resistance, qr, at the steady state and the required depth were not influenced 
by the location of the filter element, i.e., U1 or U2 configuration.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
187
b. By comparing the steady values o f corrected cone resistances of 0.3 cm/sec (U1 
and U2, NC) with those o f 0.6 cm/sec (U1 and U2, NC), it has been found that 
the cone resistances increased with the increase in penetration rate. The steady 
value o f  cone resistance at 0.3 cm/sec increased to 10 % with the increase o f 
penetration rate from 0.3 cm/sec to 0.6 cm/sec, both for U1 and U2 
configurations.
c. The steady values of cone resistance decreased with the increase o f OCR. The 
cone resistance of 0.6 cm/sec (U1 or U2, NC) decreased to 13 % with the 
increase o f OCR from 1 to 10.
2 a. The excess pore water pressures measured at the cone tip (U1 configuration) 
were greater than those measured above the cone base (U2 configuration), unlike 
the cone resistance. This can be explained by the fact that the soil below the 
cone tip is subjected to predominantly normal stress, on the other hand, the soil 
above the cone base mainly experiences shear stress.
b. The difference of the excess pore water pressures between U1 and U2 
configurations increased with the increase o f penetration rate and with the 
increase o f OCR. The difference between the excess pore water pressures o f U1 
configuration and that o f U2 configuration for 0.3 cm/sec (NC), 0.6 cm/sec (NC), 
and 0.6 cm/sec (OCR=10) were 4.5 %, 5.8 %, and 15.9 %, respectively.
c. The excess pore water pressures measured both at the cone tip and above the 
cone base increased with the increase of penetration rate at a very similar rate. 
The increases of 22 %  and 21 % in excess pore water pressures have been found
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with the increase of penetration rate from 0.3 cm/sec to 0.6 cm/sec for UI and U2 
configurations, respectively.
d. The decrease o f excess pore water pressure for U l configuration was greater than 
that for U2 configuration with the increase o f OCR. The 27 % and 33 % 
decreases o f excess pore water pressures have been observed with the increase of 
OCR from 1 to 10 for U l and U2 configurations, respectively.
e. The excess pore water pressures at the cone tip and above the cone base were 
quite different, furthermore, the excess pore water pressure above the cone base 
changed very rapidly for all cases, which produced a large pore pressure 
gradient. In that sense, the importance of location o f the filter element for 
measuring pore water pressure needs to be emphasized again.
3 a.The dissipations o f excess pore water pressures for normally consolidated cases 
took longer time than those for OCR = 10  cases both for Ul and U2 
configurations.
b. The immediate initial drop in excess pore water pressure was observed in all 
cases and the utilization o f  a digital oscilloscope was very effective to measure 
the very rapid change o f  excess pore water pressure when the penetration stopped 
for the dissipation test.
c. The immediate initial drop in excess pore water pressure was higher for Ul 
configurations than for U2 configurations. It is due to the redistribution of pore 
water pressure and the normal stress reduction that occurs when the penetration 
ceases.
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d. The magnitude of the initial drop increased with the increase o f penetration rate, 
and the excess pore water pressure increased, a little bit, immediately after the 
initial drop for 0.6 cm/sec (U2, OCR=10).
e. Investigating the grain size distribution o f samples along the path o f penetration 
and dissipation tests, it has been observed that the soil which was closer radially 
to the piezocone penetrometer contained less clay particles than the soil which 
was farther from the piezocone penetrometer. This can be explained by the 
migration o f clay particles in a radial direction mobilized by the water pressure 
generated in soil pores.
4.a.The measured sleeve friction was not as stable as cone resistance and excess pore 
water pressure. This is due to the possible clogging of the junction between the 
friction sleeve and the body o f the cone with soil.
b. The sleeve friction for U l configuration was quite close to those for U2 
configuration except for 0.6 cm/sec (OCR=lO).
c. The sleeve fiiction increased with the increase of penetration rate, but decreased 
with the increase of OCR, as did cone resistance and excess pore water pressure. 
The sleeve friction for U l and U2 configuration increased to 18 % and 21 %, 
respectively, with the increase of penetration rate from 0.3 cm/sec to 0.6 cm/sec. 
The sleeve friction of 0.6 cm/sec (NC) decreased to 29 % and 41 % for Ul and 
U2 configuration, respectively, with the increase of OCR from 1 to 10.
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5.a.The results o f the finite element analyses showed very good agreement with the 
experimental data for the profiles of cone resistance, excess pore water pressure, 
and for dissipations.
b. The steady values of cone resistance and excess pore water pressure from the 
finite element analyses were very close to the values obtained experimentally.
c. The cone resistance and the excess pore water pressure computed numerically 
reached the steady state conditions at the depth of 30 mm, that was shallower 
than that o f experimental results. This disagreement is due to the boundary 
induced peak regions, which occurred before the steady state, o f the experimental 
results. This peak region can be thought to be the influence of the thin sand 
layer at the top of the specimen and prior to penetration initiation. Without the 
peak regions, the results o f the finite element analyses would have been much 
closer to the experimental results. However, the finite element analyses 
developed in this research provided better results than the previous numerical 
analyses available in literature. Incorporation of the anisotropic elastoplastic- 
viscoplastic soil model and a large deformation and finite strain formulation 
provided this improvement.
d. It was observed that negative pore water pressures from the finite element 
analyses were likely to develop above the cone base at early stages o f 
penetration. It may be due to the soil-piezocone separation near the cone base in 
finite element analyses.
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e. The results of the finite element analyses for the dissipations were very good 
except the cases with high immediate initial drop, i.e., the cases of U l 
configurations and the high penetration rate (0.6 cm/sec, NC and OCR=10).
6.a.From the finite element analyses, it was observed that the octahedral shear 
stresses, the octahedral shear strains, and the excess pore water pressures were 
concentrated both on the lower and the upper portions o f the conical face for 0.3 
cm/sec (U l and U2, NC), 0.6 cm/sec (Ul and U2, NC), and for 0.6 cm/sec (Ul 
and U2, OCR=10).
b. The magnitudes and the affected zone o f octahedral shear stress, octahedral shear 
strain, and excess pore water pressure increased with the increase o f penetration 
rate, but decreased with the increase o f OCR.
c. The octahedral shear strains computed numerically were quite large, i.e., the 
maximum values were 91 %, 114 %, and 88 % for 0.3 cm/sec (Ul and U2, NC), 
0.6 cm/sec (Ul and U2, NC), and 0.6 cm/sec (Ul and U2, OCR=10), 
respectively. This demonstrates the need of using a large deformation finite 
strain formulation.
6.3 Recommendations for Future Research
1. The anisotropic elastoplastic-viscoplastic bounding surface model successfully 
simulated all cases, but it needs many model parameters. The reduction of the 
number o f  model parameters is needed in keeping with the capability of the 
model.
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2. “Real” Ko triaxial test and the anisotropic triaxial testing apparatus and 
procedures which can apply larger lateral stress than the vertical stress need to be 
developed and conducted.
3. More piezocone penetration and dissipation tests need to be conducted at various 
penetration rates other than 0.3 cm/sec and 0.6 cm/sec, and for various OCR 
values and soil compositions.
4. The coupled equations should be expanded to include partially saturated soils. 
A micro-mechanical consideration can be incorporated into the formulation.
5. The simulations for the separation o f soil-piezocone and for the immediate initial 
drop o f excess pore water pressure needs to be further studied and be 
incorporated into the computational simulation.
6. The simulations for “long penetration” and for the “peak region”, which occurs 
before steady state, must be studied in future research.
7. The change of grain size distribution due to penetration may affect the results o f 
piezocone penetration and dissipation tests, and needs to be further studied.
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